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ABSTRACT 
          Machining of Nimonic C-263 has always been a challenging task owing to its hot strength, 
low thermal conductivity, tendency to work harden and affinity towards tool material. Although 
coated tool has good potential to overcome some of these challenges, selection of coated tool 
with appropriate deposition technique is of immense significance. The current study attempts to 
comparatively evaluate various performance measures during machining of Nimonic C-263 such 
as surface roughness, chip characteristics, cutting temperature and tool wear with particular 
emphasis on different modes of tool failure for commercially available multi component coated 
inserts deposited using chemical vapour deposition (CVD), physical vapour deposition (PVD) 
techniques. Furthermore, performance of uncoated tool was analyzed with respect to PVD and 
CVD coated tools. Results were also discussed for different cutting speeds (51, 84,124 m/min) 
and feed rates (0.1, 0.14, 0.2mm/rev), and constant depth of cut (1mm) along with the 
progression of machining durations (t). The study demonstrated remarkable decrease in surface 
roughness with PVD multilayer coated tool over its CVD coated and uncoated tool. Severe 
plastic deformation and chipping of cutting edge and nose, abrasive nose and flank wear along 
with formation of built-up-layer (BUL) were identified as possible mechanism behind tool 
failure. Superior performance of PVD coated tool in restricting different modes of tool wear was 
observed for the entire range of cutting speed. However, best machining performance was noted 
under a low and medium cutting speed of 51m/min and 84m/min respectively with PVD 
multilayer coated tool. In addition, influence of coolant that is under food and MQL environment 
was studied in comparison with dry machining using best performing PVD coated tool. It was 
interesting to note that the performance of PVD coated tool was comparable and sometimes even 
superior that of uncoated tool given under flood and MQL environment. Therefore, use of PVD 
multilayer coated tool under dry machining can be degraded as environment friendly technique 
for machining nickel based super alloy such as Nimonic C-263.  
Keywords: Nimonic C-263; CVD and PVD coated tool; uncoated tool; coolant; Tool wear 
mechanism;
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          In this world, any material does not exist in the required shape and is available in the form 
of minerals, ores. Since machining is one of the prime important process that imparts the 
required shape to a work piece as material removal in the chip formation. Machining of work 
piece material is achieved as relative movement of cutting tool edge with respect to work piece 
in different directions it may be manual or automatic. The relative movement can be acquired as 
either motion of the work piece or tool and combination of two. Feed motion, drive motion are 
working motions those are assisting to get required target. Auxiliary motions are also required to 
fulfil their assigned function such as clamping and declamping of the work piece. Machining is 
vital process where tight tolerances on dimensions and finishes are required. Despite technology 
has been advanced, the machining still exit as a primary activity in each industry. High ideal time 
along with wastage of material as scrap, dimensional inaccuracy etc. are most typical problems 
associated with machining unless selecting suitable input cutting parameters and cutting tool. 
Machine tool, work piece and cutting tool are the major constituting parts in machining system. 
Selection of optimum cutting parameters and a cutting is most significant additives for the 
corresponding work piece that reduces overall production cost and time. To ensure prescribed 
statement, exploring interaction results between tool and work piece is a prime commencement 
for economical machining. 
       Cutting tool life, material removal rate, power utilization, cutting forces, surface roughness 
and surface integrity of the machined surface along with chip morphology are major deciding 
factors to assess the machining characteristics of hard super alloys. Aero engine alloys are one of 
the important classifications of hard super alloys. 
1.1 Aero engine Alloys 
           Compressor, turbine and combustor housed in a casing are major constituent parts of an 
aero engine. Nuclear, marine, chemical, aeronautics and power plant sectors are other 
applications for the aerospace alloys. The material and alloys used for aero engines must have 
supportive characteristics such as high temperature, extreme pressure and velocity, corrosion and 
creep resistance. High strength to weight ratio, high temperature, corrosion and creep resistance 
properties of aero engine alloys lead to prolonged service time and efficient fuel consumption for 
economical operations.  
        Aero engine super alloys were manufactured by powder metallurgy (sintered), casting, 
forged and wrought forms. However, each process is incurred following difficulties during 
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machining process.1) although powder metallurgy alloys exhibits a high dimensional accuracy, 
abrasive nature of its make difficulty in machining process. 2) Forged and wrought components 
possess the properties such as fracture resistance, improvement in fatigue and high strength. 
However, they tendency to increase in tool wear since its abrasion.3) Excellent toughness along 
with creep strength is acquired by casting process and these characteristics impairs machinability 
due to formation of unsuitable segmentation of chip. Fig. 1 demonstrated the weight percentage 
of different aero engine alloys with the progression of time in yearly. Aero engine alloys can be 
classified as 1) Nickel-based super alloy 2) Titanium- based alloy 3) Aluminium based alloy, 
4)Cobalt-based alloy 5) Stainless Steel 
 
  
Fig. 1.  Weight percentage of different aero engine alloys with the progression of time [1] 
 
              Although other alloys have been used in aerospace applications, weightage percentage 
of nickel based alloy has been increased to 50% from year 1960 to 2010. Therefore, in this 
project major emphasis is given to nickel based super alloys to find out the difficulties incurred 
while machining of nickel based super alloy. 
1.2 Nickel-based superalloys 
      Nickel-based super alloys can find out as incessant applications in aircraft gas turbine 
engines, power generators, heat exchangers, nuclear reactors, rocket engines, steam power 
plants, submarines, petrochemical equipment and other high-temperature applications [2, 3]. 
These alloys have become attractive choice particularly due to their characteristics such as good 
thermal stability, resistance to creep, thermal fatigue, corrosion, yield strength and oxidation.  
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Nickel-based super alloys can withstand dynamic stresses at working temperature up to 1100
0
C 
[4].  Therefore, above exceptional properties are caused to be usage of nickel based super alloys 
nearly on account for 40-50 % of total mass in the aero engine components of turbine parts and 
combustion chamber. For example, in jet engines, the high-pressure turbine disk is subjected to 
severe stresses (high cycle fatigue due to vibrations, dwell-time loading due to normal start-
ﬂight-landing cycles, air ﬂow and centrifugal stresses). Nickel based alloys can find in 
manufacturing turbine disk of jet engines to prevent mentioned difficulties since the stability in 
their yield strength and high creep–fatigue resistance over wide temperature range [5]. Low 
specific heat and thermal conductivity, low thermal diffusivity, presence of hard particles and 
high chemical affinity of nickel based alloys prone to built-up-edge formation, strain hardening, 
abrasion, and high mechanical and thermal stresses on the cutting edge during machining. 
Moreover, the presence of abrasive particles in nickel-based alloy is tendency to form 
pronounced catastrophic failure. The rapid work hardening and generation of high pressure made 
difficulty while machining of nickel based super alloy. 
1.3 Classification of Nickel-based superalloys 
     The commercially available grades of Ni-based super alloys are listed below: 
 Nickel(200,201,212,270) 
 Monel(400,R-405, K-500) 
 Inconel(600,601,617,625,625LCF,686,690,693,706,718,718SPF,725,740,X-  
750,751,783,22,C-276,G-3,HX,NO6230) 
 Incoloy(800,800H&800HT,803,825,864,865,903,907,909,945,DS,20,28,330,25-
6MO,25-    6HN,27-7MO,A-286) 
 Nimonic(75,80A,86,90,105,115,263,901,PE11,PE16,PK33) 
 Udimet (188, L-605, 520, 720, D-979, R41,250) 
 Rene(41,77) 
 
    Although there are many classifications of nickel based alloys, the following few of them 
explained below. 
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1. Nickel 
a) Nickel 200 
             It possesses pure wrought nickel on account of 99.6% and with a small proportion of 
Mn, S, C, Cu, Fe, and Si. It has the good mechanical, thermal, electrical, and magnetostrictive 
properties. The prescribed properties are caused to be used for alkalies and synthetic fibers a, 
particularly maintain product purity in handling foods and variety of processing equipment. 
b) Nickel 201 
           As like Nickel 200, it contain pure (99.6%) wrought nickel, but minor amount of carbon 
that restrict the embrittlement by intergranular carbon over the high temperature of 600°F. 
Furthermore, presence of low carbon content diminishes the hardness that made suitable for cold 
formed items.  
c) Nickel 212 
           The addition of manganese to wrought nickel that increases the strength of Nickel 212. 
This property brings up in to the more applications that are electrical and electronic applications 
such as, electrodes in glow-discharge lamps etc. 
d)  Nickel 270 
            It is called as high purity grade of nickel based alloy which is made by the powder 
metallurgy. Its extreme purity is benefit for components of hydrogen thyratrons and electrical 
resistance thermometers since inherent property of low base hardness and high ductility. 
2. MONEL 
a) MONEL alloy 400 
           It is the major components of nickel (63%) and copper (28-34%), which is used in the 
medium of seawater, hydrofluoric acid, sulphuric acid, and alkalies. Since its extraordinary 
properties of high strength and corrosion resistance are being led to vast applications such as 
valves, shafts, marine engineering, pumps, shafts, fittings, fasteners, and heat exchangers etc. 
           b) MONEL alloy R-405 
             It is free machining alloy since the controlled amount of sulphur that forms sulphide 
inclusions that are acts as chip breaker during machining. Other aspects of this alloy same as that 
of MONEL alloy 400. It is used for fasteners, screw-machine products and meter and valve parts. 
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c)   MONEL alloy K-500  
          This alloy is a precipitation hardenable nickel-copper based alloy, which has high 
corrosion resistance, greater strength and hardness unlike MONEL alloy 400. It unveils the low 
permeability and nonmagnetic property even at low temperature -150°F (-101°C). The 
exceptional properties of this alloy is usually used for pump shafts, fasteners and valve trim etc. 
INCONEL 
a) INCONEL alloy 600 
          INCONEL alloy 600 consists of nickel (72%) and chromium (14-17%) as major 
constituent elements. It has good oxidation resistance at high temperatures and corrosion 
resistance in the medium of high-purity water, chloride-ion stress-corrosion cracking, and caustic 
corrosion. The aforesaid properties are instigated to have being used for furnace components, in 
nuclear engineering. 
b)  INCONEL alloy 601 
         In which, resistance to oxidation and corrosion can be accomplished by the addition of 
aluminum (1-1.7%). This nickel-chromium alloy termed as INCONEL alloy 601. It is used for 
industrial furnaces, gas-turbine components and heat-treating equipment. 
c)     INCONEL alloy 617 
           The foremost elements of INCONEL alloy 617 are nickel (44.5%)-chromium (20-24%)-
cobalt (10-15%)-molybdenum (8-10%). This grouping elements display metallurgical stability, 
strength, and oxidation resistance even at high temperatures. The additional property like 
oxidation resistance can be achieved by addition of aluminium. The alloy also endures a wide 
range of corrosive aqueous environments. The prescribed properties of this super alloy are used 
for combustion cans, gas turbines, ducting, and transition liners. 
   d)     INCONEL alloy 625 
                It has high strength property without assistance of heat treatment since the presence of 
niobium (3.15-4.15%) that react with molybdenum for stiffen the alloy's matrix and offer high 
strengthen to this alloy. It has other chief constituting elements are nickel, chromium and 
molybdenum. It is counterattacks the extensive range of severely corrosive environments due to 
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its property of resistant to pitting and crevice corrosion. It is used in other applications such as 
chemical processing, aerospace and marine engineering. 
  e)   INCONEL alloy 686 
           This alloy was specially designed to attain remarkable corrosion resistance in an extensive 
range of severe environments. It is used in severe atmospheric conditions come across chemical 
processing, pulp and paper production, pollution control, and treatment of industrial and 
municipal wastes.  
           f)    INCONEL alloy 690 
           It is entitled as high nickel-chromium (27-31%) based super alloy. The significant amount 
of chromium in INCONEL alloy 690 is caused to be resist the aqueous corrosion by oxidizing 
acids and salts, and to sulfidation at high-temperatures. 
g) INCONEL alloy 693 
        It has major constituent elements as nickel (58%), chromium (27-31%) and aluminium (2.5-
4%). It can tolerate to the oxidation and carburization at temperatures around 2100°F. A nickel-
chromium-aluminium alloy can battled against the metal dusting that is useful in systems used to 
reform hydrogen and produce synthesis gas for numerous industries as well as gas to liquid fuel 
production. 
h)  INCONEL alloy 706 
         INCONEL alloy 706 is precipitation harden able nickel-iron-chromium based alloy which 
is offers extraordinary mechanical strength along with good fabricability. The characteristics of 
INCONEL alloy 706 are alike INCONEL alloy 718. Prime uses of the alloy are aerospace, land-
based gas turbine parts, components necessitating resistance to creep and stress rupture up to  
temperature 1300˚F  and oxidation resistance. 
       i)      INCONEL alloy 725 
            It is a combination of nickel (55-59%), chromium (19-22.5%), molybdenum (7-9.5%) 
and niobium (2.75-4%) and other minor amount of elements. It is age hardenable for high 
strength and is advanced by heat treatment to achieve high toughness and ductility. The alloy is 
resistant to stress corrosion cracking and hydrogen embrittlement. The properties as mentioned 
earlier of INCONEL alloy 725 are caused to be used in such applications of hangers, side pocket 
mandrels, landing nipples.  
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j)    INCONEL alloy 740 
      INCONEL alloy 740 is age hardened and precipitation hardenable gamma prime second 
phase nickel-chromium-cobalt super alloy. It exhibits outstanding high-temperature strength in 
the age-hardened condition up to 1500°F (815°C). The primary elements of alloy 740 are 
chromium and cobalt. It displays excellent resistance to carburization, oxidation, and sulfidation 
at prominent temperatures. Alloy 740 is engaged with advanced power production and boiler 
tubes. 
 K)     INCONEL alloy 751 
      Although it possess similar characteristics alike INCONEL alloy X-750, with augmented 
aluminium content give better precipitation hardening. It was especially designed for exhaust 
valves in internal combustion engines where it offers high hot hardness for wear resistance, great 
strength at operating temperatures, and corrosion resistance in hot exhaust gases containing lead 
oxide, sulphur, bromine, and chlorine. 
l) INCONEL alloy 783 
        Gas and steam turbine components must retain the properties like oxidation resistance and 
low coefficient of friction. This alloy is designed for gas turbine application as per prescribed 
properties concern. The additive elements such as niobium and aluminium are strengthened this 
alloy by a precipitation-hardening heat treatment. Furthermore, addition of aluminium gives 
admirable oxidation resistance at high temperature. Density of this alloy is 5% less than those of 
super alloys such as INCONEL alloy 718. The low coefficient of expansion facilitates closer 
control of clearances and tolerances for attaining greater power output and fuel efficiency. 
3. INCOLOY 
a)  INCOLOY alloy 800 
            Nickel (30-35%), iron (39.5%) and chromium (19-23%) are major principal elements for 
the formation of INCOLOY alloy 800. It can be resistance to corrosion and oxidation in the 
medium of water and carburization including stability during prolonged exposure to high 
temperatures. The exceptional mentioned properties of the alloy used in heat exchangers, process 
piping, heating-element sheathing etc. 
b)    INCOLOY alloy 803 
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        It has excellent features such as resistance to oxidation, corrosion, sulfidation, nitridation 
and carburization environments. In addition, unique characteristic thermal stability that is 
mandatory to inhibit thermal distortion and embrittlement including exceptional stress-rupture 
strengths. Furthermore, high resistance to cyclic oxidation and carburization make this alloy 
choice for petrochemical, chemical and thermal processing applications including ID-finned 
pyrolysis tubing in high- severity ethylene furnaces. 
c)    INCOLOY alloy 825 
            It comprises major elements as nickel (38-46%), iron (22%), chromium (19.5-13.5%) 
including other elements like molybdenum and copper. The alloy is exclusively designed for 
resistant to sulfuric and phosphoric acids, oxidizing acids, stress-corrosion cracking, and to resist 
localize attack such as pitting and crevice corrosion. It is chosen for chemical processing, oil and 
gas well piping, pollution-control equipment and some other applications. 
 d)     INCOLOY alloy 864 
           It is a combination of nickel-iron-chromium alloy. It is especially designed for exhaust 
system components like automotive exhaust system flexible couplings and exhaust gas 
recirculation tubes. It is high cost, whereas superior performance in process.   
        e)      INCOLOY alloy 865 
         It is advanced version of INCOLOY alloy 864 and also termed as corrosion resistant alloy. 
It has superior ductility, strength and fatigue resistance and was developed for automotive 
applications such as flexible couplings and exhaust gas recirculation (EGR) components. Used 
for chemical processing and marine applications. 
         f)    INCOLOY alloy 903 
       It is precipitation hardening by the addition of niobium, titanium, and aluminium to nickel-
iron-cobalt alloy those are major participate elements. Its high strength, low coefficient of 
friction as well as sustainability towards thermal  fatigue and thermal shock at temperature up to  
800°F . Applications of this alloy are gas turbine components such as rings and casings. 
      g)      INCOLOY alloy 907 
        INCOLOY alloy 907 is named as nickel-iron-cobalt alloy, which is precipitation hardening 
by the additions of niobium and titanium. Its low coefficient of expansion and high strength as 
well as notch-rupture properties at the elevated temperature is used for components of gas 
turbines such as shafts. 
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           h)       INCOLOY alloy 909 
       INCOLOY alloy 909 is analogous to INCOLOY alloys 903 and 907. It is a combination of                                                                                                                                                                                                                        
nickel-iron-cobalt and precipitation hardenable with the addition of silicon, niobium and titanium 
alloy. Its low coefficient of expansion and high strength as well as additional mixing of silicon is 
to be enhancing notch-rupture and tensile properties.  
i)        INCOLOY alloy 925 
      It is one of the precipitation-hardenable nickel-iron-chromium alloys. The exceptional 
properties are high strength and corrosion resistance alike INCOLOY alloy 825.  In addition, 
other properties are resistance to pitting, general corrosion, and stress-corrosion cracking in 
several aqueous environments having sulphides and chlorides. Applications of this alloy are oil-
production equipment and for surface and down-hole hardware in sour gas wells. 
4.  NIMONIC 
a) NIMONIC alloy 75 
        Its major constituent elements are nickel (74%), chromium (18-21%) and other elements 
such as titanium, iron, manganese, carbon, silicon and copper. This nickel-chromium alloy has 
good   resistance to oxidation and mechanical properties elevated temperatures. Applications of 
the alloy can find in sheet-metal fabrications in gas-turbine engines. 
b)   NIMONIC alloy 80A 
        It is nickel-chromium alloy same as NIMONIC alloy 75. It is contrast to alloy 75 as 
precipitation hardenable by addition of aluminium and titanium. The properties of the alloy are 
resistance to corrosion and oxidation, high tensile and creep-rupture strength at temperature 
about 1500°F. It is used in bolts, tube supports in nuclear steam generators, and exhaust valves in 
internal-combustion engines. 
  c)     NIMONIC alloy 86 
              It is the blend of nickel-chromium-molybdenum, and is called as rare-earth element due to 
presence of cerium. It offers resistance to oxidation and scaling at temperatures up to 1920°F. 
It’s combined property such as formability and weldability being utilized for heat-treating 
furnaces.                                                                                                                                                      
d) NIMONIC alloy 90 
      NIMONIC alloy 90 is a major combination of a nickel-chromium-cobalt alloy. This 
precipitation hardenable alloy has high creep resistance and stress-rupture strength at 
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temperatures up to 1700°F (920°C). The alloy also has advantageous for resistance to high-
temperature oxidation and corrosion. It is used for hot working tools, springs, blades. 
         e)      NIMONIC alloy 105 
          It is precipitation-hardenable nickel-cobalt-chromium based alloy. Addition of 
molybdenum and aluminium with the alloy is not only for solid solution strengthening but also 
enhancing strength and oxidation resistance. The alloy has high creep rupture properties at 
temperatures up to 1740°F. The alloy applications can find in gas turbine components such as 
blades, shafts and discs. 
                f)       NIMONIC alloy 115 
           Its features similar to NIMONIC alloy 105.  The high strength of the alloy can be attained 
by precipitation hardening with the addition of aluminium and titanium. It has different features 
than alloy 105.  It is used for turbine blades in aircraft gas turbines because of its high strength 
and creep resistance at temperatures to about 1850°F . 
            g)    NIMONIC alloy 263 
         It has major constituent components as nickel (), chromium (19-21%), cobalt (19-21%). It 
is precipitation-hardenable as well as solid-solution strengthening super alloy with the addition 
of molybdenum. It has exceptional properties like corrosion resistance, high strength, good 
formability and high-temperature ductility in welded structures. The prescribed properties are 
made it suitable for sheet applications and gas turbines for casings, rings. 
h)   NIMONIC alloy 901 
    NIMONIC alloy 901 is a nickel-iron-chromium alloy including molybdenum for solid-
solution strengthening, titanium and aluminium for precipitation hardening. High yield strength 
and creep resistance of the alloy inclines to withstand at temperatures up to 1110°F. A significant 
iron content permits the combine high strength with good forging characteristics. The 
applications of this alloy can find in gas turbines for discs and shafts. 
i)  NIMONIC alloy PE11 
       A nickel-iron-chromium alloy is precipitation hardened by titanium and solid-solution 
strengthened by the addition aluminium and molybdenum. It is appropriate for high strength 
sheet alloy temperatures up to 1020°F. The presence of iron is to be responsible for good 
workability and high ductility.  It is used in components of gas turbines. 
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j)  NIMONIC alloy PE16 
           It has common features like alloy PE11 and 901. Temperature permits around up to 
1380°F since its good strength and oxidation resistance. The alloy is intended to provide 
excellent cold-working, hot-working and welding characteristics. It is fitted for gas-turbine 
components and in nuclear reactors. 
k)   NIMONIC alloy PK33 
          A nickel-chromium-cobalt alloy which is precipitation hardenable furthermore having 
molybdenum for solid-solution strengthening. It contains an excellent combination of high-
temperature strength, ductility and creep resistance during welding. The alloy is especially 
appropriate for welded sheet structures, gas turbines of fame tubes and other components. 
5. UDIMET alloy 
a) UDIMET alloy 188 
              It is cobalt based super alloy with its exceptional high temperature strength and good 
oxidation resistance up to temperature about (1093°C).  Addition of small amount lanthanum to 
the high chromium level yields an extremely determined and protective scale. It maintains 
excellent metallurgical stability and good sulfidation resistance is caused to maintain its ductility 
under long time exposure to high temperature. Combination of its fabricability and weldability 
make it suitable for typical gas turbine applications such as flame holders, combustors. 
b) UDIMET alloy L-605 
               It is cobalt based super alloy, which has good formability, oxidation resistance and 
wear resistance. It maintains high strength up to 1500°F and good oxidation resistance up to 
2000°F (1093°C). Application of the alloy can find in the hot sections of aircraft and land-based 
gas turbines as well as industrial furnace applications such as muffles/liners in high temperature 
kilns. 
c) UDIMET alloy 520  
            A precipitation hardenable nickel base super alloy is developed for operating temperature 
range up to 1400-1700°F. Its excellent structural stability, corrosion resistance, good 
fabricability and forge ability characteristics make it suitable for blading for aircraft and land 
based gas turbines. 
d) UDIMET alloy 720 
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            UDIMET alloy 720 is solid solution strengthened as well as precipitation hardened with 
the addition of tungsten, molybdenum, titanium and aluminium. Its high strength and 
metallurgical stability characteristics confirmed by outstanding impact strength preservation 
even after long experience under elevated temperatures. Resistant to oxidation and corrosion as 
well as high strength make it useful in gas turbine blade and disc applications. 
 
e) UDIMET alloy D-979 
            An iron-nickel alloy is hardened by a complex precipitation of intermetallic phases. 
Combination of admirable tensile and stress rupture strength with corrosion resistance that make 
it fit for disc applications at temperature to about 1200 – 1400°F. 
f)  UDIMAR alloy 250 
             UDIMAR alloy 250 is age hardened iron-nickel based super alloy. Its high strength, 
toughness and resistance to crack propagation are well suitable for applications where heat 
treatment distortion and dimensional changes occurs. It is used in light aircraft landing gear, 
rocket motor casings. 
1.4   Machinability 
        Machinability can be defined as ability to removal of material from the workpiece in 
required dimension with minimum cost, low power consumption and high production rate. Tool 
wear, surface roughness and cutting temperature are other influencing characteristics on 
machinability. The change in work piece properties and cutting parameters were interrupted the 
machinability by changes in characteristics as mentioned earlier.  
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         Fig. 2 A diagram shows the overall parameters that is involved in the complex machinability [6] 
        Previously, machinability of any machining grade material was compared with the 
machining characteristics of the standard work piece. Hence, the machining rating could be 
evaluated by the following equation: 
Machinability rating/ index 
=
                                                                      
                                                                               
 
This equation could not give any information about the composition of the workpiece and its 
microstructure, cutting parameter and treatment method. Therefore, it can be described by 
quantitatively as following factors consideration [7]. 
 1.5 Cutting temperature 
         The temperature in the cutting zone is primarily generated due to friction between work-
tool and chip-tool interface as well as plastic deformation of chip. The following three cutting 
zones are experience the temperature while machining of workpiece material 
i. Primary heat zone 
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The maximum amount of heat is generated which is around 60-80% due to mechanical or 
plastic deformation and high amount of heat is carried away by the chip.  
ii. Secondary heat zone 
In which, heat is produced between the tool and chip interface as result of both 
mechanical deformation and friction. About 10-15 % of heat is generated in this zone.  
iii. Tertiary heat zone 
It the zone where heat is generated due to the friction between the workpiece and tool 
interface, which is around 5-10 %. 
 
 
                                                   Fig. 3 Different heat zones in the machining [8] 
1.5.1 Cutting temperature measurement   
             The excessive temperature at the cutting zone is not only promoting tool wear but also 
deteriorate the surface integrity of the machined surface. Evaluating the cutting temperature is 
essential during machining operation. The following methods were adopted for measuring 
temperature: 
a. Experimental method 
             Despite measuring the cutting temperature is difficult using experimental method, it is 
very accurate and reliable. This expensive experimental method comprises the following 
methods: 
 Use of calorimetric set-up 
 Optical pyrometer 
 Thermocouple principle 
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 Infrared technique 
b. Analytical Method 
              Mathematical equations or models are used for determining the cutting temperature in 
this method. Despite this method is much simpler and economical than previous method, is less 
accuracy. 
1.6 Surface integrity 
 Quality of machined wokpiece can be confirmed by surface integrity that covers broadly 
all aspects of the machine surface. 
The surface integrity mainly covers two features: 
a. Surface Topography 
Surface texture, lay, waviness and surface roughness are the important characteristics of 
surface topography, which is direct contact with the environment. 
 
Fig. 4 Surface topography of machined surface [9] 
Surface roughness: 
The presence of micro and macro irregularities on the surface can be detected by measuring 
surface roughness.  
Surface roughness Measurement: 
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As based on the ISO recommendation, the surface roughness can be measured by the following 
three methods: 
   Centre line average (Ra) method 
It is the arithmetic mean of the vertical deviations from the nominal surface over a given 
specified sampling length. This can be estimated by: 
 
 Route mean square (Rq) method 
It is the root mean square method in which peaks and valleys measured from the nominal 
surface and is given by: 
 
 Ten point average (Rz) method 
It is the difference between the mean of height and lowest peaks within the specified 
sampling length. It can be calculated by: 
Rz 
(              ) (               )
 
 
             Where R1, R3, R5, R7 and R9 are represent the height of five consecutive peaks from 
datum line  
               R2, R4, R6, R8 and R10 are represent the height of five consecutive valleys from the 
datum line. 
1.7 Tool wear 
          Tool life is most imperative as production cost as well as machinability criteria concern. 
Therefore, most research work has been explored in the machining to increase the tool life by 
choosing proper machining circumstances, cutting tool material, coolant and coated tools etc. 
Understanding of tool wear mechanism is to be necessary to make improvement in the tool life.  
1.7.1 Tool wear mechanism and Modes of tool wear 
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 The following different form of tool wear mechanism can observe during machining 
Diffusion: Chemical affinity between tool and workpiece.  
Adhesion or attrition: Sticking action between the tool and workpiece.  
Abrasion: The presence of hard abrasive particles in the workpiece 
Chemical wear: Existence of the active environment (oxidation) at the tool-workpiece      
interface  
 The following modes by which tool wear takes place during the machining has been shown in 
figure: 
 Flank wear 
 Crater wear 
 Notch wear 
 Nose wear 
 Edge chipping 
 Plastic deformation 
 
Fig. 5 Various modes of tool wear [10] 
1.8. Chip mechanism 
             Desired form of work piece can be obtained by gradual removal of material in the form 
of chips. Chip formation is also depends upon the selection of cutting parameters, type of 
workpiece, tool geometry and cutting environment. Chip characteristics such as shapes, colour, 
pattern, and size and its mechanism may reveal the machinability of workpiece. Since 
understanding of chip mechanism and chip characteristics are paramount importance during 
machining.  
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1.8.1 Reason for studying chip formation mechanism 
      The chip formation and its features during machining may convey the following information: 
 Workpiece material nature 
 Cutting temperature level 
 Conditions of the cutting tool edge 
 Nature of tool-chip interaction 
 Influence of various machining parameters 
 Application of cutting fluid 
 
1.8.2 Chip formation mechanism in machining 
          The mechanism of the chip formation can be divided in to two types as nature of the work 
piece material concern: 
 Yielding or Shearing : For the ductile materials 
 Brittle Fracture : For the brittle materials 
1.8.3 Chip classification 
   The chip formation during machining of workpiece material can be categorised (Fig. 5) into 
following forms: 
a. Discontinuous chips  
      These type of chips are primarily formed during machining of brittle material such as cast 
iron or machining of ductile material at very low cutting velocity and high feed rate in dry 
cutting. The further classifications of discontinuous chips are: 
 Irregular shape and size 
 Regular shape and size 
b. Continuous chips 
      This type of chip formation can be observed by the following form with different condition 
during machining of ductile material. They may form during machining: 
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 With built-up edge (BUE): Ductile material, low feed rate and high cutting speed 
 Without BUE: Ductile material, medium or large feed rate and medium cutting          
speed 
c. Segmented or jointed chips 
 
 
Fig. 6 Different form of chips a) continuous type b) discontinuous type and c) segmented type [11] 
        This type of chip formation can be observed during machining of semi ductile material at 
the medium and large cutting speed. As per ISO 3685-1977 (E) concern, the chips type and form 
can be classified under five different conditions as shown in figure. 
Table 1 Classification of chips [12] 
 
b a c 
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2.1 Effect of machining parameters on tool wear 
            Performance of coated carbide tools such as multilayer and single layer such as 
TiN/TiCN/TiN and TiAlN respectively was observed in machining of Nimonic C-263. Both 
coated carbide tools was exposed to the same tool life at a cutting speed (54m/min) and depth of 
cut of (0.633, 2.54 mm). It could be ascribed to their friction coefficient, higher hardness, 
thermal conductivity, stresses and strains, as well as cutting temperature at the frictional zone. 
Single-layer TiAlN has best heat isolation to the cutting edge besides superior thermal properties 
of TiAlN compared to TiN at the ambient temperature. Multilayer (TiN/TiCN/TiN) was 
outperformed when depth of cut   positioned to greater than 1.25 whereas same result was 
attained at a cutting speed  (68m/min) under three depth of cut conditions. Multilayer 
(TiN/TiCN/TiN) was exposed the good mechanical support, hardness and low oxidation 
temperature. Furthermore, owing higher thickness 7µm compared to counterpart that could be 
withstand from the aggressive interactions usually is taken place among chip-work-tool interface 
[13]. Different coated (TiN/TiCN/TiN, TiAlN and TiZrN) cutting tools which are deposited by 
physical vapor deposition and uncoated carbide tools with double positive edges performance 
have investigated in machining of Nimonic C-263. PVD coated tool life is three times more than 
uncoated tool. It can be ascribed to sufficient hardness and good impact strength which is tends 
to improve toughness and abrasion resistance. In addition, high temperature sustaining coating 
materials deposited on carbide tools, thus enhancing performance of coated tool during 
machining of Nimonic C-263. The tool failure of uncoated was associated with severe damages 
that could be attributed to pronounced notching and chipping along the flank face, network of 
micro-voids and cracks. Furthermore, the thermal and mechanical stresses produced at the 
cutting region as  weakening of the cohesive bond strength of the substrate, thus impeding 
performance of uncoated tool performance. The prescribed coated tools disclosed as more tool 
life than TiZrN at a cutting speed (54 m/min) and up to depth of cut (1.25mm). TiN/TiCN/TiN 
coated tool can be susceptible to arbitrary chipping and fracture of the whole curling edge which 
is turn superior tool life less than 2 minutes at a high depth of cut of 2.54mm. Furthermore, 
TiN/TiCN/TiN coated tool was showed highest tool life than additional two coated tools at a 
cutting speed (68m/min). The properties of single-layer coated tool such as lower hardness, 
smaller coating thickness and lower coefficient of friction is caused to lower tool performance. 
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The trials were carried out for Nimonic C-263 at two different uncoated tool nose radius (0.8, 
1.2). It was found that uncoated nose radius 0.8 was better than counterpart in terms of tool life 
[14].Performance of PVD coated carbide inserts multi-layer (TiN/TiCN/TiN) cutting tool A 
which has nose radius of 0.10 mm, honed and chamfered to a positive rake angle and cutting tool 
B which has  double positive edges and no edge protection was investigated at high speed 
conditions. As tool life concern, cutting tool B was superior for the finishing condition whereas 
cutting tool A better for the roughing condition. Cutting tool A was more susceptible to excess 
chipping, adhesion of work piece material on the cutting edge and severe lateral crack at the root 
of the depth of cut line. Cutting tool B was prone to fracture along the cutting edge and adhesion 
of work piece material at the groove cavity [15].  An experimental analysis has been done using 
three level three factor Taguchi L27 orthogonal array under different input conditions as cutting 
speed  (125, 190, 250 m/min), feed rate  (0.051, 0.102, 0.143 mm/rev) and depth of cut  (0.5, 
0.75, 1 mm) using whisker reinforced insert. Feed rate was most effected parameter on flank 
wear followed by cutting speed and depth of cut. ANOVA was employed examination validity of 
established model which is indicated that 95% confident level between experimental and 
predicted values. Abrasion, adhesion and diffusion were noticed as significant wear modes for 
whisker reinforced insert as well as notch wear at depth of cut region during machining of 
Nimonic C-263. The optimal input parameter combination was obtained with cutting speed ( 210 
m/min), feed rate (0.05mm/rev) and depth of cut (0.75mm) and their corresponding output 
response flank wear was 0.27mm [16]. It has been studied the infuence of input parameters on  
PVD coated tool  by Taguchi L27 during machining of Nimonic C-263 and results further 
confirmed by response surface methodology. RSM model was established between input 
parameters with flank wear. The predicted optimum flank wear value was found to be 0.190mm 
[17]. Flank wear was more significant with the progress of cutting time than cutting speed while 
machining of Nimonic C-263 using whisker-reinforced ceramic insert. It can be recognized that 
prolong contact between work piece and tool tends to severe damage to cutting tool edge. The 
loss of small slices of the cutting tool material around the inserts was noticed at a low cutting 
speed (190 m/min) and feed rate (0.102 mm/rev) after machining for 9 min. Furthermore, the 
breakage of the insert along the edge line was noticed since high cutting resistance and work 
hardening nature of the work material at a cutting speed of 250 m/min and feed rate of 0.143 
mm/rev. The severe notch wear was identified as work hardening effect and also noticed that 
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feed rate was more influence on the tool wear than cutting speed. Abrasion, adhesion, and 
diffusion were recognized in tool wear mechanism which is pronounced at a depth of cut region 
[18]. Influence of the machining environment during machining of Nimonic C-263 using dual 
layer coated using dual layer coated (TiN/TiAlN) carbide insert and microcrystalline straight 
grade carbide inserts. Liquid Nitrogen (LN2), conventional wet and high pressure (HP) used as 
coolant, and their effect on the tool performance was studied. It was found that high 
pressure coolant was outperformed by improvement in tool life by 133% than conventional wet 
using dual layer coated (TiN/TiAlN) carbide insert whereas 275% improvement in tool life was 
noticed using microcrystalline straight grade carbide inserts. LN2 cooling 
was exhibited a worst performance as a result of the increased thermal fluctuation during 
machining [19, 20].The effect of coolant concentration on the machinability of Nimonic C-263 
alloy using triple coated (TiN/TiCN/TiN) carbide insert. The results revealed that the 
concentration of 3 to 6% gave better results than 9%. The rise of concentration level was 
tendency to form the thermal stresses that are close to cutting edge. The phenomena of reduction 
in tool life with cutting speed might have attributed to inadequate coolant penetration time 
between tool-workpiece interfaces.It was observed that the reduction in tool life by 15% when 
concentration increase from 3% to 6% whereas decrease in tool life by 62% as concentration 
level rises from 6% to 9%. Despite flank wear and nose wear were observed as a significant 
dominate failure at 6% coolant concentration that has disclosed as better performance in tool life 
than others. Flank wear, abrasive wear and notch wear were more prominent at a cutting speed of 
68m/min and 136m/min. Rise in nose wear could be caused to reduction in contact length among 
tool-chip-workpiece subsequently promoting tool chipping [21].  
2.2   Effect of machining parameters on surface roughness 
Surface roughness of Nimonic C-263 with TiAlN coated tool was lower than multilayer PVD 
coated (TiN/TiCN/TiN) carbide tool. TiAlN coating has good antifriction properties than TiN. 
Mechanical surface damage and minimum micro-scratches were observed due to BUE formation 
which is more promoted at a lower depths of cut and cutting speeds of 54 m/min and 68 m/min 
[15]. Lower surface roughness values were attained for TiAlN and TiZrN coated tools during 
machining of Nimonic C-263 since higher oxidizing temperature formation [22].  Feed rate is 
most predominant input parameter on the surface roughness during machining of Nimonic C-
263. Results were further confirmed by R-square values which represent the regression 
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confidence. Eventually, 95% confident level was observed that indicates close relation between 
the predicted and experimental values. The optimal input parameter combination was obtained 
that cutting speed of 210 m/min, feed rate of 0.05mm/rev, depth of cut of 0.75mm and their 
corresponding output response surface roughness was 2.36µm [16]. Although surface roughness 
was increased with increase in feed rate, there is a significant variation was observed even at a 
low feed rate of 0.051mm/rev. It is due fact that the mean stress increases rapidly at the tool face 
that could be attributed to high specific cutting energy and resistance to plastic deformation 
tendency to BUE formation. The changes in surface roughness was promoted drastically at a 
feed rate of 0.102mm/rev that was identified as most admirable feed rate during turning of 
Nimonic C-263.  Increase in surface roughness was observed with increase in cutting time as 
well as cutting speed. Exceeding cutting speed of 190m/min is increasing the surface roughness 
since rapid tool wear. It makes sense that suitable cutting speed was 190m/min. Scratches, chip 
particles, debris, rough surface, and feed marks were identified through SEM micrographs at a 
cutting speed of 190 m/min, feed rates of 0.102 and 0.143 mm/rev [18]. The surface roughness is 
primarily controlled by the feed rate, plan approach angle, cutting edge angle and nose radius. 
Increase in the surface roughness by 1.1µm was identified at a cutting speed of 22m/min, and 
after reduction in surface roughness as increasing feed rate at the same cutting speed. At a higher 
depth of cut, the surface layer may get work hardened, tends to the decrease in surface 
roughness. The correlation between responses and input parameters was created by using 
response surface methodology. 95% confidence level between calculated and tabulated besides 
R-Square value 92.4% was observed which proved that the adequacy of a response surface 
method [22]. Quadratic model was established predicting the surface roughness using response 
surface methodology. Apart from, adequacy of the model was checked by analysis of variance 
(ANOVA). Finally, the results showed that feed rate is a most significant influence on surface 
roughness during milling of Nimonic 115 [23]. Optimum cutting parameter combination for 
minimize the surface roughness was cutting speed ( 250 m/min), feed rate (0.04 mm/rev)  and  
depth of cut ( 0.15 mm). Feed rate contribution was 58.69%, which is the most significant 
parameter in judging the surface roughness [24]. Modelling and prediction of surface roughness 
using Artificial Neural Network (ANN) during high-speed turning of one of the family of nickel- 
based alloy Nimonic-75 was investigated. Higher surface roughness values were attained with 
increase in feed rate, whereas reduction in surface values was observed with increase in depth of 
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cut.  Optimum cutting parameter combination was found during machining of Nimonic-75 using 
TN6025 coated carbide tool [25]. The trend of surface roughness was gradually increased with 
the progression of machining, and there was no significant effect of coolant on surface roughness 
was observed during machining of Nimonic C-263 [26]. 
2.3 Effect of machining parameters on cutting force 
Performance of different PVD coated tools on the cutting force during machining of Nmonic C-
263. Results showed that TiZrN coated tool was given lower cutting force than other additional 
coated tools at a low cutting speed of 54m/min.  Reduction in cutting force was noticed using 
TiAlN coated tool at high cutting speed condition [22]. The feed rate was more affected 
parameter on cutting force during machining of Nimonic C-263 using whisker reinforced insert. 
The optimal input parameter combination was obtained that cutting speed (210 m/min), feed 
(0.05mm/rev) and depth of cut (0.75mm) and their corresponding output response cutting force 
was 461N [16]. FEM machining simulation was carried out on the tangential cutting force using 
Lagrangian finite model. Tangential cutting force was increased significantly from 478N to 
672N when increasing feed rate from 0.102 mm/rev to 0.143 mm/rev. In addition, resulted that 
feed rate 0.102 mm/rev was identified as maximum limit during turning of Nimonic C-263 using 
PVD TiAlN Coated cemented carbide cutting tool.  Cutting force was decreased when increasing 
the cutting speed, which might have attributed to thermal softening of material.  6% error was 
observed as comparison between experimental and simulation results and except few cases 
where 8% error was observed [27]. Maximum cutting force was recorded equal to magnitude of 
850 and 1100 N when increasing feed rates of 0.102 and 0.143 mm/rev respectively at a cutting 
speed of 125 m/min and after machining of 9 min. High cutting force was noticed at a lower 
cutting speed, which could be attributed to high coefficient friction between the tool and work 
piece [18]. Modelling and prediction of cutting force using Artificial Neural Network (ANN) 
during high-speed turning of one of the family of nickel- based alloy Nimonic-75 was 
investigated. Higher cutting force was obtained with increase in feed rate, whereas reduction in 
cutting force was observed with increase in depth of cut [24]. Rise in cutting force with the 
prolonged machining was recognized due to insufficient coolant effect consequently generation 
of compressive stresses. Reduction in cutting force noticed as increase in cutting speed using 
triple coated (TiN/TiCN/TiN) carbide insert [15]. 
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2.4 Effect of machining parameters on temperature 
The rise in cutting temperature with cutting speed, feed and depth of cut was observed.  Highest 
temperature was attained as 610
o
C with a combination of cutting speed (54m/min), feed 0.143 
(mm/rev) and depth of cut (1mm) [27]. 
2.5 Effect of coolant on the machining characterstics 
          The comparative evaluation between dry and wet machining of nickel-based alloys was 
conducted at a spindle speed (5000) rpm and at different feed rates of 2 mm/rev, 5 mm/rev and 8 
mm/rev using micro drill bit TiN coated tool. Results revealed that high deformation zone was 
prominent in wet drilling than the dry drilling. Continuity in diffraction patterns and the high 
frequency of large mis-orientations in the altered microstructure was also noticed for wet 
drilling. Increase in hardness of the bulk material to top surface was noticed as well as no 
significant distinction was observed between wet and dry machining as variation in hardness 
concern. In consideration of tool wear, it was observed that sliding and sticking action were 
major noticeable wear mechanism on the flank face (cutting edge and chisel edge) for wet 
drilling, but flank and rake face as well was exposed to sliding and sticking action for dry 
milling. Excessive wear on the rake face was result in high chip contact length, high temperature 
at the cutting edge and formation of chip with high curl radius. The material transformation was 
more prominent in dry cutting machining than counter machining. Ni22%, Cr12% Fe11% and 
Nb transformed onto the tool while machining. After abraded off coating from the drill bit, 
prescribed elements deposited on that of exposed substrate that consequently weakens the 
strength of substrate since high thermal conductivity property of Co and WC. As a result, earlier 
chipping and then catastrophic failure have noticed. Tool failure mechanism was identified in the 
order for wet drilling as abrasion-adhesion- slow diffusion rate - microchipping- edge blunting 
whereas for dry drilling as abrasion-adhesion- fast diffusion rate - macro chipping- catastrophic 
tool failure [28]. The performance of different coated tools under dry, wet (3.71 ml /min), MQL 
(16.8ml/hr) condition in high-speed turning of INCONEL718 was studied. The tool life of three 
coated cutting tools was rather similar to dry cutting machining, but the significant difference 
was noticed between wet and MQL condition. Tool A (TiCN/Al2O3/TiN) was displayed the 
longer tool life since its less coefficient of friction, and resistance to abrasion and adhesion. Tool 
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B ((TiN/AlN)) was exhibit the best surface finish in MQL condition than counterpart. The 
significant effect on the tool life and surface finish was found as increase in air pressure from 
0.4Mpa to 0.6Mpa due to the carrying abundant oxygen with air that forms oxidation. The 
reduction in tool life was observed using argon as carrier gas since its inherent properties such as 
low specific heat and viscosity. The performance of tool A was worthy of MQL condition at 
cutting speed of 1m/s, whereas worst performance was identified at a cutting speed of 1.5m/s. By 
contrast, Tool A was exhibited the best results under the wet condition at a cutting speed of 
1.5m/s. Although poor surface finish was attained with Tool A, it was showed superior 
performance at high cutting speed under MQL condition in terms of tool life [29]. Analysis of 
tool wear patterns during machining of Inconel 718 using Tool A (TiAl/TiAlN, CP500), Tool B 
(TS2000 (E1)), Tool C (TS2000 (E2)) and Tool D (TS2000 (E1 45
0
)) under different cutting 
speeds have been investigated. The difference in measured cutting force for tool A and tool B 
was observed as less than 5%, whereas it was similar to both the coated tool such as tool B and 
tool C. Apart from this, tangential and thrust force was found out to be around 10 to 25% more 
for tool C and 70 to 125% more for tool D when compare results was attained with that of tool A 
and tool B. The coolant is not much effective in diminishing cutting force at the initial condition 
as well as worn tool was tendency to high cutting force in wet machining. In case of Tool A, 
excessive chipping and notch wear were significant wear modes during machining of Inconel 
718 that were prone to cutting-edge breakage. Tool life of Tool A was identified as 5min in wet 
machining whereas tool life was 2min in dry machining. In case of Tool B, chipping and 
associated BUE, notch wear were initially observed under wet machining and were severe with 
increasing cutting speed. The chipping is tendency to increase cutting force consequently 
inducing vibration and noise, which tends to early cutting-edge breakage. Tool life was observed 
as 5min at a cutting speed of 70m/min and 15min at a cutting speed of 50m/min. In dry turning, 
not only notch wear but also significant flank wear was noticed. Tool life was 9.5min and 2 min 
for corresponding prescribed cutting speed during dry machining. A robust edge of Tool C was 
more prominent in chipping resistance. However, chipping and associated BUE, notch wear were 
more significant at the primary cutting edge in short interval at a high cutting speed (70 m/min). 
Tool C has superior tool life at a high cutting speed (70 m/min), whereas Tool B was showed 
greater tool life at a low cutting speed (50 m/min).Tool D was failed due to significant flank 
wear (0.4 mm). The edge degradation was observed at a low cutting speed (70 m/min) despite 
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there was no significance of chipping and notch wear at a low cutting speed (50 m/min) [30]. 
Higher tool life was observed while machining of Ti6A14V alloy than counterpart (Inconel 918) 
under high-pressure jet condition. The effective coolant penetration between tool and chip 
interface that being caused to reduction in temperature result in reducing the effect of diffusion 
wear. The cutting tool was failed due to flank wear during machining of Ti alloy rather than 
notch wear and crater wear. The notch wear at a depth of cut region was more prominent during 
machining of Inconel 901. Furthermore, reduction in chip tool contact length was noticed 
without noticeable decrease in component forces [31].The investigation was done on the Inconel 
718 using micron grain size insert (TI) and nano ceramic inserts (T2 and T3)  under different 
cutting conditions. As per result, the performance of T1 (micron grain size insert) was superior to 
T2, T3 (Nano-ceramic inserts). The percentage reduction in tool life for T2 and T3 was 73% and 
45% respectively than T1. As increasing in cutting speed from 250 m/min to 270 m/min, 
percentage reduction was noticed as 30% for T1 and 17% for T2 and T3. Moreover, high 
percentage reduction in tool life was noticed by nano ceramic tools as an increase in feed to 
0.15mm/rev at the same cutting speed range. The notch wear, flank wear and nose wear were 
significant wear modes for three ceramic cutting tools during machining of Inconel 718. The T3 
ceramic tool was failed due to the abrasive wear that results in the presence of hard debris 
between tool and workpiece during machining. Nose wear was typically observed at the three 
cutting tools, but T1 had it was three times more than that of T2 and T3. Chipping/fracture was 
observed in machining of INCONEL 718 with cutting tool T2 due to the constant Changes in 
cutting forces that are proportional to stresses inducing in the tool nose. The rise in cutting force 
was observed with increasing cutting speed for T1 and T2 except for T3. Reduction in surface 
roughness with the prolonged machining was observed as well as no significant effect of surface 
roughness was noticed by increasing feed from 0.125mm/rev to 0.15mm/rev. The maximum 
value of surface roughness was found to be 8µm using nano ceramic tool T3 [32]. The 
performance of Inconel 718 steel under minimum quantity lubrication (MQL) condition using 
the super hard cobalt tool during end milling process has been investigated. MQL technique was 
presented the better performance in terms of tool life and surface roughness than dry cutting 
machining. The poor performance of Inconel 718 at a dry and MQL milling was noticed at a low 
cutting speed (10, 20, m/min). The improvement in surface roughness and tool wear was 
observed at a cutting speed of 30 m/min under condition of MQL supply (37.5 ml/ hour). 
  
30 
 
Increase in tool life by 43.75 % was observed using MQL machining than counter machining. As 
per experimental results, it was noticed that dry cutting machining owing to poor performance in 
all cutting speeds [33].Evaluation of nickel-based Inconel 718 alloy with coated carbide tool at 
different cutting parameters has been done under two different conditions such as conventional 
and high-pressure coolant machining. The increase in tool life by 350% was noticed using high-
pressure coolant at the high cutting speed, which was prominent at the limited pressure 11MPa. 
If exceeding prescribed pressure limit, that adversely affect the cutting tool life. Discontinuous 
chips with C shape were noticed at the pressure of 20.3 MPa. Increase in reactive forces was 
observed as rise in coolant pressure as well as cutting speed, whereas reduction in component 
forces was noticed since the effect of tribological properties and coolant. Minimum surface 
damage such as micro pitting that was due to dislodgement of loose hard inclusions at high-
pressure coolant [34]. The performance and wear characteristics of uncoated carbide tool and 
PVD coated in milling of Inconel 718 were investigated. The performance of uncoated tool was 
surpassed at a low cutting speed of 25m/min than PVD/TiN(Tool A & B) that could be attributed 
to attrition wear. Furthermore, premature coating removal on the cutting tool (PVD (TiN)) 
hindered the whole performance of the cutting tool. The improvement in performance of coated 
tool was identified at the cutting speed of 50m/min since its low thermal conductivity and high 
wear resistance property. Plastic deformation and cutting-edge breakage were dominant wear 
modes for three coated tools at a feed rate (0.14mm/rev) and cutting speed (75m/min and 100 
m/min). The prescribed failure modes were kept tool life limited up to 1min [35].The effect of 
microliter (<1.0 ml/hr) lubrication MQL in the range of µLL was investigated during finish 
turning of Inconel 718. The cover-type nozzles were designed as concentrate small amount of 
mist oil at cutting point as well as enhance effectiveness of MQL. The quantitatively evaluate the 
performance of Inconel 718 as regulating the oil concentration with that of ordinary spraying. It 
was found that the control of oil mist increases the efficiency of oil spraying drastically. Oblique 
type, second type of cover nozzle, was showed best results than that of cover type (normal type) 
and ordinary type. By increasing efficiency of oil spraying by the factor of 28.4, tool life was 
found to be 47min under circumstances of oil consumption 0.5ml/hr and at a high cutting speed 
of 1.3 m/s. It was finally concluded that as controlling oil mist and shortening the distance 
between nozzle and tool tip were most influencing factors for effective machining in the µLL 
range [36]. Effect of the high-pressure coolant (150MPa) during machining of Inconel 718 was 
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investigated using PVD TiAlN-coated carbide tool. Standard sapphire oriﬁces (0.25, 0.3, 0.4, 
mm) diameter was used that all are placed 22mm away from the tool tip. Results showed that the 
higher cutting speed and feed rate could be attained by the increasing nozzle diameter. The 
increment in nozzle diameter by 250% tends to 20% increment in cutting speed and feed. On the 
other hand, enhancement in jet pressure by keeping the nozzle diameter constant leads to the 
operating region towards lower cutting speed and feed rate. Formation of the built-up edge was 
prominent at low cutting speed because of high adhesive friction at the chip-tool interface. Feed 
rate is the most major effect on cutting force especially at low cutting speed. The intensity of 
cutting force and chip size can be reduced at a low cutting speed as varying the jet pressure. The 
influence of nozzle diameter was noticeable only at a low cutting speed.  No significant effect on 
the contact length was identified when changing nozzle diameter and pressure at the high cutting 
speed. The chip compression ratio can be minimized by increasing nozzle diameter at lower feed 
rates. The results revealed that good surface finish could be achieved by choosing the optimal 
combination of nozzle diameter, pressure and cutting speed. Although the jet parameters have 
slight influence as inducing heat transmission into the cutting tool, has displayed better results 
than the dry cutting and conventional lubrication [37]. Influence of air jet coolant during 
machining of nickel based super alloy that is Inconel 718 was analysed using CVD coated 
carbide tool at dissimilar cutting conditions. Results showed that the AJA (Air jet assisted) was 
extended a tool life about 22 to 23% compared to the wet machining. There is no effect on tool 
life by increasing cutting speed 12% when substituted AJA instead of wet machining. 
Furthermore, Results revealed that the performance of Inconel 718 was same under the condition 
of AJA and NJA. It could be attributed to prevent the formation of oxidation by using a suitable 
cutting fluid [38]. The presence of CO2 gas that produced hardening effect is tendency to 
amplified cutting force. However, high cutting speed and feed rate have been dominated that 
hardening effect of CO2 consequently reduction in cutting force was observed. Good surface 
finish was obtained in the presence of CO2 environment as well as increase in surface roughness 
was also found with rise in feed rate and cutting speed for both the cutting conditions. Increase in 
micro hardness at the machined surfaces and sub surfaces from 495 HV to 505 HV was noticed 
as a result of work hardening effect by CO2 and also similar results was obtained with dry cutting 
condition. Decrease in micro hardness variation from surface to bulk material was observed as 
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increasing feed rate for dry cutting, whereas increase in micro hardness variation was found 
under machining of CO2 environment [39]. 
2.6 Motivation 
     By the examination of the past literature reviews, it was observed that not much significant 
information available on machinability characteristics of Nimonic C-263. Influence of different 
coated tools such as uncoated and PVD coated cemented carbide tools along with whisker 
reinforced ceramic tool under different cutting conditions have been investigated so far. 
Modelling and optimization on different machining characteristics of Nimonic C-263 such as 
surface roughness, tool wear, and cutting force have been most focused area under various 
cutting parameters such as cutting velocity, feed rate and depth of cut. Although CVD coated has 
displayed superior performance on nickel based super alloy Inconel, hardly any information is 
available during machining of Nimonic C-263. Moreover, chip reduction coefficient, chip 
characteristics and tool wear mechanism have not been examined as well. The past researchers 
have been done mostly machining under the dry environment and few researches have performed 
the machining under coolant environment. 
        Although PVD coated tool have been used by the previous researchers, there was no 
comparative evaluation among the performance of uncoated tool and PVD and CVD coated tool 
during machining of Nimonic C-263. For this purpose, machining characteristics such as chip 
characteristics, tool wear mechanism, surface roughness, cutting temperature, chip-reduction 
coefficient and chip morphology have been investigated under different cutting speeds and feed 
rate along with the progression of machining duration. Moreover, performance of uncoated tool 
under wet cutting condition (using Flood and MQL as coolant) over best performing PVD coated 
tool was studied during machining of Nimonic C-263.  
 
2.7 Objective 
            The major intention of the present research is to study the impact of cutting parameters 
such as cutting speed, feed rate, and type of coating on the machinability characteristics of 
Nimonic C-263 under dry and wet conditions. The following objectives are included as: 
 To comparatively evaluate the performance of uncoated tool along with PVD and CVD 
coated tool on the following aspects during machining of Nimonic C-263   
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  Surface roughness 
 Cutting temperature  
 Mechanism of tool wear 
 Chip reduction coefficient  
 Chip characteristics 
 Influence of coolant (MQL and Flood) using uncoated tool over best performing PVD 
coated tool on the aforementioned aspects has been investigated. 
 Effect of cutting parameters such as cutting speed and feed rate on the prescribed aspects 
with the progression of machining using coated tools (PVD and CVD) and uncoated tool 
( in dry and wet condition) have been investigated . 
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CHAPTER 3: EXPERIMENTAL 
METHODOLOGY 
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      In this experimental methodology, the details of equipment facilities, machine tool used, 
cutting tool, workpiece material, machining parameters and experimental set-up has described.  
 3.1 Workpiece material 
    It is precipitation-hardenable nickel-chromium-cobalt alloy and comprising molybdenum for 
solid-solution strengthening. A round bar of Nimonic C-263 with 60 mm diameter and 180 mm 
length was used as the workpiece. EDS spectrum along with chemical composition of Nimonic 
C-263 is shown in Fig 7. 
 
 
 
 
 
 
Fig. 7. EDS spectrum of Nimonic C-263. 
3.1.1 Properties of  Nimonic C-263 
i) Mechanical Properties  
                 Younng's modulus  200000 – 200000      MPa 
                 Tensile strength 650 – 880 MPa 
                  Elongation 8 – 25 % 
                  Fatigue     275 – 275 MPa 
                  Yield strength 350 – 550 MPa 
ii) Thermal Properties 
                  Thermal expansion       10 – 10 e-6/K 
                  Thermal conductivity    25 – 25      W/m.K 
                   Specific heat                 460 – 460 J/kg.K 
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                   Melting temperature     1450 - 1510°C 
                   Density           7700 - 7700 kg/m
3
 
                   Resistivity       0.55 - 0.55 Ohm.mm
2
/m 
3.2 Cutting tool material 
       Commercially available uncoated tool, CVD bilayer (TiCN/Al2O3) and PVD multilayer 
(TiN/TiAlN) coated cemented carbide inserts have been used. All tools were supplied by SECO, 
India with ISO insert designation of SNMG 120408. A tool holder with ISO designation of 
PSBNR2020K12 (WIDIA, India) was used for both CVD and PVD coated tool 
3.3 Cutting parameters 
The machining operation was carried out the under dry and wet condition using following 
parameters which are mentioned in table  
Table 2 Cutting Parameters 
Parameters Range considered 
Cutting Speeds (m/min) 51,84, 124 
Feed rates (mm/rev) 0.1,0.14,0.2 
Depth of cut (mm) 1 
Cutting environment Dry, wet, MQL 
 
3.4 Machining operation 
   The turning operation was carried out on Nimonic C-263 using heavy duty lathe (Make: 
Hindustan Machine Tools (HMT) Ltd., Bangalore, India; Model: NH26 with uncoated tool, PVD 
and CVD coated cutting tool Fig. 8 shows the photographic view of machine tool used for 
turning of Nimonic C-263. 
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Fig. 8 Experimental Set-up 
     The turning of Nmonic C-263 was carried out with the uncoated tool and PVD and CVD at 
variable cutting speed and feed rates with the progression of machining duration. Each 
experimental run was carried out in 30 s period. During the machining, temperature was noted as 
well as the chips were collected during the machining for the further analysis. Tool wear of each 
insert at different condition was also measured. The estimation of various responses is given 
below: 
3.4.1 Tool wear estimation 
            Stereo zoom optical microscope (Make: Radical Instruments) was used to determine the 
flank wear after each interval of machining duration.The common failure criteria that have been 
used to estimate failure of cutting tools are: 
a) Catastrophic failure 
b) Average flank wear of 0.3 mm. 
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c) Maximum flank wear of 0.6 mm. 
 
 
Fig. 9 Stereo zoom optical microscope 
3.4.2 Chip morphology study 
            During machining the chips were collected for each interval of 30 s to examine several 
aspects of the chip such as size, shape, and colour of chip. Also the collected chips thickness was 
measured with the help of vernier caliper to find out the chip reduction coefficient. 
3.4.3 Temperature measurement 
     For the measurement of  cutting temperature,  thermocouple was fixed at the bottom of the 
tool where 2 mm hole was drilled at the bottom of the tool holder nearly at distance of 9 mm 
from shim (Fig 15 a). The thermocouple was fixed which gave the readings directly in terms of 
degree celsius as shown in Fig. 10 b.  
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                    Fig. 10 Temperature measurement set-up a) Thermocouple b) Temperature recorder 
 
3.4.4 Surface roughness measurement 
           Talysurf (Model:Taylor Hobson, Surtronic 3+) with parameters sample length, Lc=0.8 
mm, cut-off length, Ln= 4 mm and filter=2CR ISO was used to measure surface roughness of 
each experimental run. The set-up below shows (Fig. 16) the measurement of the surface 
roughness for each run. 
 
 
Fig. 11 Surface measurement set-up 
 
 
 
 
 
a b 
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CHAPTER 4: RESULTS AND 
DISCUSSION 
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4.1 Characterizations of coated tools  
  Microstructure and chemical composition of both CVD and PVD coated tools were studied 
prior to machining operation. While XRD was carried out to identify different phases of the 
coated tools, FESEM and EDS were utilised in order to evaluate microstructure and chemical 
composition respectively. 
Fig. 12a depicts surface morphology of CVD coated tool along with elemental composition 
present in the coating. Since the tool consists of TiCN/Al2O3, the surface topography 
corresponds to that of Al2O3 coating. Elemental composition is also clarified by the EDS 
spectrum. Similarly Fig. 12 b exhibits top surface tropology of TiN coating along with presence 
of different elements in TiAlN/TiN multilayer coating deposited using PVD. 
      Different phases present in CVD and PVD coated where further investigated by XRD 
technique. The XRD spectrum, as shown in Fig. 13 (a), of CVD coated tool clearly shows the 
presence of both TiCN /Al2O3, whereas that of PVD coated cool shown in Fig. 13 (b) indicates 
the presence of TiAlN/TiN along with the substrate material (WC). 
 
 
 
 
 
 
 
 
  
 
 
 
Fig. 12  Coating fractographs and surface morphology along with corresponding EDS spectra of (a) CVD and (b) 
PVD coated tool. 
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Fig. 13  XRD spectra for (a) CVD coated tool and (b) PVD coated tool. 
4.2 Tool wear and its mechanism 
        Rapid tool wear rate is common feature during turning of nickel based super alloy. Since 
selection of cutting tool is matter of concern during machining of Nimonic C-263. As tool wear 
mechanism concern, not much information available since more emphasis given on the tool wear 
in this research. Although several cutting tools have been existing in the market, selecting the 
suitable cutting tool material is most challenging aspect especially machining of hard materials. 
Flank wear and crater wear are dominant effect on the tool life. Therefore, performance of coated 
tools (CVD and PVD) and uncoated tool was dictated in terms of flank wear. The present study 
aims at comparative evaluation of tool wear while machining the same material using prescribed 
cutting tools. Fig. 14 demonstrate the growth of average flank wear with the progression of 
machining using PVD and CVD coated tool, and uncoated tool  at different cutting speed. 
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Fig. 14 Changes in flank wear with the machining duration for different cutting speed using (a) CVD and (b) PVD 
coated tool (C) Uncoated tool at feed rate (0.1mm/rev). 
Table 3 Flank and rake surface images of CVD and PVD caoted tool at different cutting speeds 
 Environment: Dry, feed rate rate 0.1mm/rev, Depth of cut 1mm 
 Rake surface images 
 
Flank surface images 
 
Cutting 
speed 
(m/min) 
CVD coated tool PVD coated tool CVD coated tool PVD coated tool 
 
 
51 
   
 
 
 
84 
   
 
 
 
124 
 
 
 
 
 
     Cutting speed is most predominant parameter on the tool wear rate. It is evident from that of 
graphical representation as increasing flank wear with cutting speed. The results revealed that the 
maximum tool life was obtained with PVD and CVD cutting tool 210 s and 120 s respectively. 
Both the coated tools survived longer tool life under lower cutting speed (51m/min). Table 3 
demonstrated that images of flank surface of both coated tool at failure condition was at different 
Plastic deformation 
Catastropic failure 
BUE 
Coating removal 
Flank wear 
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cutting speeds. The cutting speed was the most predominant effected parameter on the flank 
wear as shown in fig. 14 while machining with uncoated tool like PVD and CVD coated tool. 
The uncoated displayed the better tool life 180 s at a low cutting speed of 51m/min. The BUE 
formation was more prominent while machining with uncoated tool at a low cutting speed. It 
could be attributed to presence of hard abrasive particles between tool and workpiece interface as 
well as high drag force while machining with the uncoated tool. However, it could not displayed 
the best results that had obtained from PVD and CVD coated tool at the medium and high cutting 
speed. The rapid failure of uncoated tool at high cutting speed of 124m/min could be ascribed to 
friction between tool and workpiece interface that result in elevated temperature.    
       Catastrophic failure categorised by edge chipping and severe plastic deformation prone to 
edge depression were common failures under machining of Nimonic C-263 for both the coated 
tools. FESEM images illustrating same worn out condition of nose for both the coated tools is 
also demonstrated in Fig. 15. It is revealed that plastic deformation, abrasion and chipping were 
promoted to nose wear with the increase in cutting speed. It can be observed through Fig. 15 (b) 
state of nose wear of CVD coated tool at cutting speed of 84 m/min and also severe nose wear 
was acquired at a high cutting speed as indicated in Fig. 15 (c).Edge chipping was leading mode 
of tool failure during end milling of Nimonic C-263 for both uncoated and coated tools [19,20]. 
    
   
Fig. 15 FESEM images of nose region of worn out CVD and PVD coated tools after machining with different 
cutting speeds. 
2 
3 
1        
    BUL 
(b) CVD,  
Vc= 84 m/min 
a) CVD,  
Vc= 124 m/min 
(d) PVD,  
Vc= 51 m/min 
(e) PVD,  
Vc= 84 m/min 
(f) PVD,  
Vc= 124 m/min 
Coating 
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      Moreover, presence of nose wear was significant with the application of PVD coated tool 
only under higher cutting speed (124 m/min). Unique thermo-mechanical characteristics of 
Nimonic C-263 might be contributed to severe deformation of cutting edge as well as nose with 
the elevation of cutting speed as depicted in Fig. 15. Nickel based alloy have been used in 
application of aero engines due to presence of cobalt which is exhibits exceptional performance 
as resistance to creep and fatigue even at elevated temperature [40]. Moreover, Yuan et al.[41] 
also explained that presence of cobalt content up to 25 wt % tends to rise in yield strength under 
intermediate temperature (750 and 800°C) for a Ni-based super alloy.  Ezilarasan et al. [18] also 
described that cobalt and uniformly distributed γ′ (Ni3 (Al,Ti) phase that assists to solution 
hardening  in Nimonic C-263. Precipitation of complex carbides of Cr and Mo might also be 
responsible for grain boundary strengthening [42]. The aforesaid information might be 
responsible for rapid growth of tool wear and elevated cutting temperature during machining of 
nickel based alloys. The hot hardness and resistance to oxidation along with tribological 
properties of multi coating layer of PVD coated tool were primarily responsible for restricting 
different modes of tool failure such as flank wear, deformation of cutting edge and nose. Multi 
layering with TiN also imparted excellent combination of hardness as well toughness, anti-
friction property combined with good compactness of the coating which also enhances the 
resistance to crack propagation. As presence of hard carbide particles, tool was exposed to severe 
dynamic load which is prone to abrasive wear [13]. PVD coated was outperformed than 
counterpart by inherit properties of high toughness and compressive strength. In addition, built-
up layer (BUL) formation was another noticeable mechanism influencing tool wear.  Significant 
material adhesion or built-up layer (BUL) over tool surface was found under lower cutting speed 
for CVD coated tool as indicated in Fig. 15 (a). This was further confirmed by EDS analysis and 
the spectrum corresponding to the marked region is shown in Fig. 16 (a). The material adhesion 
on rake, flank and nose areas were more prominent after complete removal of CVD coating 
under higher cutting speed as indicated in Fig. 16 (b). PVD coated tool could be prevented the 
built up edge formation by retaining its cutting edge at a low cutting speed. After that, slow rate 
coating removal was identified when performing the machining at medium cutting speed and 
was more severe at a high cutting speed. EDS analysis carried out at the indicated region indeed 
signifies exposure of substrate and formation of small amount of BUL which is demonstrated by 
the EDS spectrum in Fig. 16 (c).  
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Fig. 16. EDS spectrum of marked area corresponding to FESEM image from above figure. 
Fig. 17 shows FESEM image of the flank surface indicating portion of the cutting edge being 
chipped off.  EDS spectrum in Fig. 17 obtained from the same area reveals exposure of tool 
(c)Area 3 
(b) Area 2 
(a)Area 1 
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substrate with hardly any evidence of material sticking. Adhesion phenomena during machining 
of Nimonic C-263 can be related to its chemical affinity towards tool material particularly due to 
presence of Ni, Co and Cr. Although coating materials in both CVD and PVD coated tools are 
chemically inert and meant for preventing formation of built-up edge (BUE), removal of coating 
thus exposing the tool substrate would promote material adhesion. Ability of better coating 
retention property of PVD coated tool  compared to that of the CVD counterpart in the entire 
range of cutting speed was clearly established and therefore, more effective in restricting 
different modes of tool failure during machining of Nimonic C-263.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 17.   EDS spectrum and FESEM image of flank surface of worn out CVD coated tool at high cutting speed of 
124 m/min.  
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    The table 4 demonstrated that the flank surface images of both CVD and PVD coated tool 
during machining of Nimonic C-263 at each interval of 30s up to tool failure under the different 
cutting speed condition. The built-up-edge (BUE) formation was more prominent using CVD 
coated tool at the initial duration especially at low cutting speed of 51m/min. It could be 
attributed to high drag force as well as long contact period between tool and workpiece interface. 
The presence of hard abrasive particles in Nimonic C-263 was tendency to form abrasive wear 
and edge chipping that can be observed at the low and medium cutting speed for the both coated 
tools. The nose wear that is categorised after result of abrasive wear and edge chipping, was 
observed as other mode of tool wear as well as notch wear at the depth of cut region for CVD 
coated tool. From the table 4 deduced that PVD coated tool outperformed than counterpart under 
all cutting speed conditions at the feed rate (0.1mm/rev). The inherit properties of PVD coated 
tool such as hot hardness, high toughness and compressive strength could prevented the flank 
wear, cutting edge and nose deformation. Moreover, excellent antifriction property of TiN 
coating that could be preventing the formation of BUE and premature tool failure. The edge 
depression and catastrophic failure were prone to earlier tool failure at the high cutting speed of 
124m/min for the both the coated tool. Eventually, PVD and CVD coated tools were survived 
longer tool life at the low cutting speed of 51m/min i.e 210s and 120s respectively at the feed 
rate (0.1mm/rev).      
Table 4 Flank wear images of PVD and CVD coated tool with different cutting speed and machining duration at 
feed rate (0.1mm/rev). 
 Environment: Dry condition, feed rate: 0.1mm/rev, Depth of cut: 1mm 
Time, 
s 
CVD coated tool PVD coated tool 
 51m/min 84m/min 124m/min 51m/min 84m/min 124m/min 
30 
      
60 
  
Tool Failed 
   
90 
 
Tool Failed  
  
Tool Failed 
BUE 
Edge depression 
Catastropic failure 
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120 
 
  
 
 
 
150 Tool Failed   
 
Tool Failed  
180    
 
  
210    
 
  
    Tool Failed   
  
    The condition of flank surface images of uncoated tool during machining of Nimonic C-263 at 
different cutting speeds can show in table 5. The BUE formation was more noticeable during 
machining of Nimonic C-263 using uncoated tool alike CVD coated tool at a low cutting speed 
of 51m/min. It might have attributed to hardening effect of workpiece and high drag force, which 
were not noticed using PVD coated tool due to the exceptional tribological properties. The worst 
performance of uncoated tool was identified as the high frictional drag force that results in 
elevated temperature at the medium and high cutting speed. The tool life of uncoated tool is 
same as PVD coated tool at low cutting speed of 51m/min. 
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Table 5 Flank wear images of uncoated tool with different cutting speed and machining duration at feed rate 
(0.1mm/rev). 
 Environment: Dry condition, feed rate: 0.1mm/rev, Depth of cut: 1mm 
 Time, s 
Cutting 
speed, 
m/min 
30 60 90 120 150 180 
51 
     
 
84 
  
    
124 
 
     
 
   Fig. 18 depicts that Changes in average flank wear with the progression of machining with feed 
rate (0.14mm/rev) and at different cutting speeds. The input parameter cutting speed was most 
predominant on flank wear while machining using three cutting tools. The increase in flank wear 
was observed with increasing cutting speed from 51m/min to 124m/min due to the remarkable 
growth in temperature during machining of Nimonic c-263. It was more significant for CVD and 
uncoated tool at the medium and high cutting speed, whereas the anti-friction property of TiN 
coating of PVD coated tool and its high toughness led to diminish the level of elevated 
temperatures at the same condition.  
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Fig. 18. Changes in flank wear with machining duration for different cutting speed using (a) CVD and (b) PVD 
coated tool (C) Uncoated tool at feed rate (0.14mm/rev). 
      Table 6 demonstrated that flank wear images of PVD and CVD coated tool at each interval of 
30 s up to tool failure at different cutting speeds and constant feed rate (0.14mm/rev). It deduced 
that PVD coated tool was outperformed than CVD coated tool in terms of tool life. The notch 
wear was more noticeable wear mode at the depth of cut region using CVD coated tool up to 
duration 90 s at low cutting speed of 51m/min. The notch wear was promoted by the presence of 
hard abrasive particles between workpiece and cutting tool interface with the progression of 
machining. No significant reduction in tool life was noticed during machining of Nimonic C-263 
using PVD coated tool at low and medium cutting speed when increasing feed rate from 
0.1mm/rev to 0.14 mm/rev. The edge chipping and plastic deformation were more pronounced 
effect on the PVD coated tool at a high cutting speed.  
Table 6 Flank wear images of PVD and CVD coated tool with different cutting speed and machining duration at 
feed rate (0.14mm/rev). 
 Environment: Dry condition, feed rate: 0.14mm/rev, Depth of cut: 1mm 
 PVD coated tool CVD coated tool 
 Cutting speed (Vc),m/min 
Time, s 51 84 124 51 84 124 
30 
      
60 
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           Table 7 illustrate that the growth in flank wear with the progression of machining at 
different cutting speeds. It is inferred that performance of uncoated was inferior than PVD and 
CVD coated tool at all cutting speed conditions. The uncoated tool was failed within 60 s at a 
low cutting speed that could be ascribed to the hardening effect of workpiece consequently high 
frictional coefficient and drag force. The edge depression and catastrophic failure were noticed 
onto the uncoated tool at the medium and high cutting speed. As per above information, it can be 
deduced that uncoated tool is appropriate for feed rate (0.1mm/rev) especially at low cutting 
speed. Moreover, the aforesaid information proved by the catastrophic failure of uncoated tool 
within 30 s under feed rate (0.2mm/rev) even at low cutting speed. Therefore, following 
discussion was comparatively evaluate the performance of PVD and CVD coated tool during 
machining of Nimonic C-263 at feed rate (0.2mm/rev). 
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Table 7 Flank wear images of uncoated tool with different cutting speed and machining duration at feed rate 
(0.14mm/rev). 
 Environment: Dry condition, feed rate: 0.14 mm/rev, Depth of cut: 1mm 
 Cutting speed, m/min 
Time, s 51 84 124 
30 
   
60 
 
  
 
       Fig 19 demonstrated that Changes in flank wear with the progression of machining at 
different cutting speeds using PVD and CVD coated tool. The PVD coated tool was superior 
than CVD coated tool at feed rate (0.2mm/rev). However, PVD coated was not showed best 
results that had obtained during machining of Nimonic C-263 up to feed rate 0.14mm/rev. As per 
aforesaid information, the input parameter feed rate (0.2mm/rev) was most influence parameter 
on the premature tool wear of coated tools. 
30 60 90 120
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
 Vc 51m/min
 Vc 84m/min
 Vc 124m/min
Feed rate (f)  0.2mm/rev
Depth of cut (d) 1mm
 
 
 Machining duration, s
F
la
n
k
 w
ea
r 
(V
B
),
 m
m
(a) CVD coated tool
6
30 60 90 120
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
 Vc 51m/min
 Vc 84m/min
 Vc 124m/min
Feed rate (f)  0.2mm/rev
Depth of cut (d) 1mm
 
 
 Machining duration, s
F
la
n
k
 w
ea
r 
(V
B
),
 m
m
(b) PVD coated tool
 
Fig. 19 Changes in flank wear with machining duration for different cutting speed using (a) CVD and (b) PVD 
coated tool at feed rate (0.2mm/rev). 
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Table 8 Flank wear images of PVD and CVD coated tool with different cutting speed and machining duration at 
feed rate (0.2mm/rev). 
 Environment: Dry condition, feed rate: 0.2mm/rev, Depth of cut: 1mm 
 Cutting speed , m/min 
Time, 
s 
51 84 124 51 84 124 
30 
   
   
60 
  
 
  
 
90 
 
     
 
         Flank wear images of PVD and CVD coated tool at each interval of 30s duration can 
shown in table 8. The notch wear at the depth of cut region and edge depression was more 
prominent at low and medium cutting speed of 51m/min and 84m/min respectively for both the 
coated tools. Apart from this, catastrophic failure of both coated tools was observed at high 
cutting speed of 124m/min. 
   As per above results, deduced that PVD coated tool was outperformed than CVD coated tool 
and uncoated tool at all cutting conditions (it may varying cutting speed or varying feed rate). 
However, PVD coated tool exhibited superior performance during machining of Nimonic C-263 
at low cutting speed of 51m/min and up to feed rate (0.14mm/rev).     
4.3 Surface roughness 
           Surface roughness is important indices of surface integrity, which is one of the 
influencing factor on quality of the machine component. Machining of hard material like 
Nimonic C-263 and attaining the good surface finish are major challenges in product quality 
concern. To overcome above difficulties, understanding performance of different coated tools in 
turning of hard material is much more important. Therefore, performance of different deposition 
techniques such as PVD and CVD as well as uncoated tool on the surface roughness was 
investigated. Fig. 20 depicts the changes in surface roughness with respect to different cutting 
Edge depression 
Plastic deformation 
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speed using coated tools (PVD and CVD) and uncoated tool. PVD multilayer coated tool was 
displayed the better performance as acquired percentage reduction in surface roughness 74.3 % 
for machining duration of 90 s at low cutting speed than counterpart CVD coated tool. The 
presence of TiN phase that exhibits good antifriction properties as well as attaining smooth 
surface morphology with PVD coating technique might have led to reduction in surface 
roughness. Furthermore, ability to retain sharper cutting edge that was made another supportive 
diminishes surface roughness than that of counterpart CVD coated tool and uncoated tool. The 
dissimilarity between edge radii of both CVD and PVD coated tools can be seen by FESEM 
images in Fig. 20, which was demonstrated further fact. The similar observation was noticed by 
Thakur et al. [43, 44] that increase in surface roughness which is having larger edge radius, and 
also revealed that rougher surface texture of CVD coated tool compared to that of uncoated 
counterpart. The surface roughness values for uncoated tool were varying between PVD and 
CVD coated tool. The reduction in surface roughness with uncoated tool than CVD coated tool 
that might have attributed to smoother surface texture of uncoated tool and thermal softening of 
the workpiece.  
             Fig. 20 also shows that the increase in surface roughness with cutting speed for both 
coated tools (CVD and PVD) and uncoated tool. This similar statement is matches with earlier 
research work on nickel-based super alloys [44, 45]. Lower surface roughness values was 
observed at a low cutting speed since consequent result of low cutting temperature as well as 
plastic deformation of the work piece  [44, 46].  Better surface roughness was attained by CVD 
coated tool when it reaches towards tool failure despite no clear trend of surface roughness with 
machining duration could be established. It could be ascribed to presence of low thermal 
conductivity of Al 2O3 layer, which is restricted to intake heat into the coated tool [47]. Thus 
resulting, significant plastic deformation and thermal softening of the top surface of work piece 
along with smearing. The similar observation was made with uncoated tool due to thermal 
softening of the workpiece at the end of tool failure during machining of Nimonic C-263.  
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Fig. 20 Changes in surface roughness with different cutting speed and machining duration using (a) CVD and (b) 
PVD coated tool (c) Uncoated tool at feed rate (0.1mm/rev). 
         Fig. 21 depicts that Changes in surface roughness with the progression of machining at 
different cutting speeds and feed rate of 0.14 mm/rev and 0.2mm/rev respectively using coated 
tools (PVD and CVD) and uncoated tool. It inferred that increase in surface roughness when 
increasing feed rate (0.1mm/rev) to 0.2mm/rev and the similar observation was made by several 
researchers [13].As discussed earlier, fluctuations in surface roughness along with the 
progression of machining and cutting speed could be attributed to subsequent formation and 
removal of BUE and thermal softening of workpiece which is more significant at the end of tool 
failure. The maximum surface roughness value was found to be 6.5µm during machining of 
Nimonic C-263 using CVD coated tool. 
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Fig. 21 Changes in surface roughness with different cutting speed and machining duration using (a) CVD and (b) 
PVD coated tool at feed rate of 0.14 and 0.2mm/rev. 
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4.4 Cutting temperature  
          Finding the cutting temperature is utmost important since its property of low thermal 
conductivity during machining of nickel-based super alloy. Cutting temperature is most 
important indices of machining characteristics as major impact on tool life while machining of 
nickel based super alloys. To minimize cutting temperature, presenting a coated tools and their 
performance is always been paramount important option during environment-friendly dry 
machining.  PVD and CVD coated tools was used to ensure effective tool coating as well as 
deposition technique by measuring  temperature during machining of Nimonic C-263. 
Furthermore, results obtained with that of PVD and CVD coated tools were compared with 
recorded temperature values of uncoated tool to know the effectiveness of coating. The 
fluctuations in cutting temperature with machining duration along with different cutting speeds 
can be shown by Fig. 23 using coated tools (PVD and CVD) and uncoated tool. The maximum 
percentage reduction in cutting temperature is 52.3 % remarked for machining duration of 60 s at 
a cutting speed of 84 m/min using multi-layer PVD coated tool compared to that of CVD coated 
tool whereas 60%  reduction with that of uncoated tool. This results was also proved that the 
multi-layer PVD coated tool is superior to that of counterpart at medium cutting speed. The 
outstanding tribological properties TiN as well as TiAlN coatings were mainly responsible for 
this. High thermal stability of TiAlN coating layer can sustain to oxidation and higher hot 
hardness. TiN coating layer was participated as reducing friction between chip and tool as well 
as diminish rubbing friction between flank surface and the workpiece. The above exceptional 
properties of TiN as well as TiAlN coating might have indirectly contributed to a reduction in 
temperature by efficiently limiting tool wear. Escalation in cutting temperature with cutting 
speed could be attributed to higher degree of shear deformation. High temperature results was 
obtained with CVD coated tool could be a low thermal conductivity property of functional top 
layer Al2O3 of CVD coated tool that restricted the heat intake into the coated tool, in this manner 
leading to rise in temperature [47]. The uncoated tool was displayed the high temperature values 
than both the coated tools. It was more prominent at the high cutting speed and when it was 
approaching failure position due to the low tribological properties that result in high coefficient 
of friction and drag force. 
               Fig. 22 further signifies that sudden rise in cutting temperature approaching towards 
tool failure. The lubricant layer of TiN in the multilayer coating that was interacting with chips at 
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initial duration of medium and high cutting speed using PVD coated tool. it could be contributed 
to decreasing slope of cutting temperature particularly while machining at medium and high 
cutting speed. Abrupt growth in cutting temperature of coated tools (PVD and CVD) and 
uncoated tool after 90 s of machining might indicated that possible onset of coating failure.    
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Fig. 22 Changes in chip tool interface temperature with different cutting speed and machining duration using (a) 
CVD and (b) PVD coated tool (c) Uncoated tool at feed rate (0.1mm/rev). 
       Fig. 24 and 25 illustrate that fluctuations of cutting temperature with different cutting speed 
and machining duration using prescribed tools at feed rate (0.14mm/rev) and 0.2mm/rev. The 
low thermal conductivity of Al2O3 coating of CVD coated tool and low tribological properties of 
uncoated tool could led to elevated temperature at the medium and high cutting speed. Therefore, 
premature tool failure of uncoated and CVD coated tool was observed at the same cutting speeds. 
There was no significant variation in cutting temperature was noted for the three cutting tools at 
low cutting speed of 51m/min along with increasing feed rate from 0.1mm/rev to 0.14mm/rev. 
The results deduced that cutting speed is more influence parameter on cutting temperature during 
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machining of Nimonic C-263. Selection of appropriate cutting speed for economical machining 
of nickel based super alloys is major imperative criteria. PVD coated exhibited the good 
performance in reducing cutting temperature while machining.  
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Fig. 23 Changes in chip tool interface temperature with different cutting speed and machining duration using (a) 
CVD and (b) PVD coated tool at feed rate of 0.14 and 0.2mm/rev. 
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4.5 Chip-reduction coefficient 
               Chip-reduction coefficient should be minimum to accommodate economical machining 
that diminishing degree of deformation and specific cutting energy [43]. Fig. 24 indicates the 
Changes in the chip-reduction coefficient with machining duration at different cutting speed 
using PVD and CVD coated tool, and uncoated tool. It is interesting to note that the trend 
matches with that of surface roughness excluding trend of uncoated tool. In which, reduction in 
chip reduction was identified with PVD coated tool. It could be ascribed to presence of TiN in 
multilayer coating which is exhibits the property of low coefficient of friction. Therefore, 
significant improvement of chip reduction coefficient was obtained as discussed previously. Fig. 
24 also indicated that reduction in chip reduction coefficient with cutting speed might be 
ascribed to chances of built-up edge formation will be controlled with increasing cutting speed. 
Gradual decrease in chip reduction coefficient with machining duration could be ascribed to 
deduction of built-up edges with the progression of machining. 
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Fig. 24 Changes in chip reduction coefficient with different cutting speed and machining duration using (a) CVD 
and (b) PVD coated tool (c) Uncoated tool at feed rate (0.1mm/rev). 
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      The fluctuations in chip reduction coefficient with the progression of machining and at 
different cutting speed at feed rate (0.14mm/rev) and 0.2mm/rev can show in Fig. 25. The 
variations in chip reduction coefficient (CRC) could be ascribed to the formation and removal of 
BUE with the machining duration at the both feed rates. The increase in CRC was observed 
when increasing cutting speed due to the amplification in temperature values and BUE formation 
whereas reduction in CRC was noticed with increasing feed rate while machining. 
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Fig. 25 Changes in chip reduction coefficient with different cutting speed and machining duration using (a) CVD 
and (b) PVD coated tool (c) Uncoated tool at feed rate of 0.14 and 0.2mm/rev. 
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4.6   Saw-tooth distance (Pc) 
        The formation of chip serration is occurred as a result of shear localization in the primary 
deformation zone. Saw tooth distance is an main characterstic in shear deformation, micro 
morphology, strain hardening and strain rate after machining. Saw tooth distance (Pc) is the 
space between two contiguous saw teeth can shown in a representative FESEM image of chip 
cross section Fig. 26. Trend reported by previous researchers was contradict. Kouadri et al. [48] 
did not catch any perfect trend with cutting speed. Wang et al [49] added that increase in saw 
tooth with cutting speed, whereas the opinion was made by Dong et al. [50] was exactly 
contradictory. Degree of deformation, flank wear and thermal softening are primarily responsible 
for changes in saw tooth distance. In which flank wear and thermal softening are responsible for 
decreasing saw tooth distance, whereas degree of deformation is rise in saw tooth distance. The 
exceptional properties of the coated tool have the ability to restrict degree of deformation and 
high temperature as well as reducing flank wear. Thermal softening of chip and flank wear were 
prominent using CVD coated tool consisting of Al2O3 constrained intake of heat into the coated 
tool since its lower thermal conductivity as well as low antifriction properties. It was caused to 
lower value of saw tooth distance than that for PVD. Increase in degree of deformation with 
cutting speed might be ascribed to enhance the saw tooth distance. Decrease in saw tooth 
distance was more significant when both the coated tool approaching towards tool failure.    
 
 
 
 
 
 
Fig. 26 Representative FESEM image of chip cross section depicting different features. 
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           Fig. 27 Changes in saw tooth distance with different cutting speed and machining duration using (a) CVD and 
(b) PVD coated tool. 
4.7 Equivalent chip thickness (hch) 
                   For demonstrate the information of chip serration characteristics of a particular work 
piece material, measuring equivalent chip thickness is paramount importance. It is important 
characteristic in this context and can be determined by the following equation given by Kouadri 
et al. [48] and Wang et al [49]  
                    
   
 
             ( ) 
         where, h is continuous part of the serrated chip (mm) and H is maximum thickness of 
sawtooth chip (mm) . These features have been clearly specified in cross sectional view of the 
chip as shown in Fig. 26. Fig. 28 illustrates the Changes in equivalent chip thickness with the 
progression of the machining at different cutting speeds while using PVD and CVD coated tool. 
The equivalent chip thickness was increased due to the low flow velocity of chip tendency to 
high friction between chip and the tool, which is prominent at a low cutting speed. Possibility of 
interaction of chip over the tool diminished as the cutting speed increased. Antifriction coating 
also has a strong potential to reduce friction. The tribological properties of PVD coated layer, 
significantly restricting friction at chip-tool interface, was made remarkable reduction in 
equivalent chip thickness can show in Fig. 28 .This might be attributed to the anti-friction 
property of TiN coating. Al2O3 of CVD coated tool, on the other hand, is not appropriate for 
reducing friction. Therefore, equivalent chip thickness acquired with CVD coated tool was 
significantly higher than that of PVD coated tool counterpart especially at cutting speed of 
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51m/min. However, there was no major difference in equivalent chip thickness for both PVD and 
CVD coated tool at the medium and high cutting speed. This can be explicated by dominant 
influence of tool wear over chip tool interface region while machining of medium and high 
cutting speed. It can be further indicated that equivalent chip thickness increased when the tool 
was reaching towards complete failure. This trend of variation is also similar with that of chip 
reduction coefficient as shown in Fig. 24.   
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Fig. 28 Changes in equivalent chip thickness with different cutting speed and machining duration for (a) CVD 
coated tool and (b) PVD coated tool. 
4.8  Chip morphology 
The thermo-mechanical behaviour at the workpiece and tool interface is significantly 
influenced by chip morphology [51] which in turn affects the tool life since the study of chip 
morphology is significant importance during machining of Nimonic C-263. Chip formation is 
effects the choice of geometry and material grade of cutting tool, and inducing residual stresses 
and white layer formation on work piece as per quality related issues concern [52]. Shape of chip 
formation at different cutting speeds along with the progression of machining is shown in table 9. 
during dry machining of Nimonic C-263 using CVD and PVD coated tool and uncoated tool. It 
was noticed that continuous flat helical chip formation was more significant at low cutting speed 
of 51m/min for the three cutting tools. At the beginning of machining, segmented form of chips 
was observed at high cutting speed of 124 m/min using CVD coated tool and uncoated tool [53, 
54]. Small radius of helical chips with constant pitch using PVD coated tool was found, whereas 
large curl radius irregular helical chips was produced using CVD coated tool and uncoated tool 
during machining. Table 9 demonstrated that increase in radius with increasing cutting speed as a 
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result of high temperature. Snarled type of chip was noticed when the cutting tool reached 
towards tool failure as increasing cutting speed while turning of Nimonic C-263. 
 
Table 9 shows the photographic view of chip formation during machining of Nimonic C-263 at the different cutting 
speed using CVD and PVD coated tool and uncoated tool. 
Time
(s) 
Cutting speed (m/min)    
CVD coated tool PVDcoated tool  
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4.9 Comparative study of dry and wet machining 
4.9.1 Tool wear 
     Fig. 29 depicts that the Changes in average flank wear with different cutting speed and 
machining duration using PVD coated tool and uncoated tool (using flood and MQL) while 
machining of Nimonic C-263 at feed rate (0.1mm/rev) and 0.14mm/rev. It is interestingly note 
that the service time of three cutting tools was identical that are operated at distinct 
environmental conditions at low cutting speed of 51m/min. It could be preventing the formation 
of BUE formation and reducing coefficient of friction between cutting tool and workpiece using 
uncoated tool that under conventional flood coolant and MQL . However, the results that 
obtained with that of uncoated tool at the same operating conditions were different at the 
medium and high cutting speed. It might have ascribed to lack of penetration of coolant that 
would be presented the poor performance of uncoated tool. The performance of PVD coated tool 
was superior to that of uncoated tool at feed rate (0.14mm/rev). The cutting speed was most 
influence cutting parameter on tool life during wet machining same as that of dry machining. 
There was no sign of tool life for the uncoated during wet machining at the medium and high 
cutting speed at feed rate (0.14mm/rev). It inferred that the extended feed rate limit for uncoated 
tool using coolants was found to be 0.14mm/rev.           
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Fig. 29 Changes in flank wear with  machining duration and different cutting speeds i.e i) Vc 51m/min ii) Vc 
84m/min iii) Vc 124m/min  at feed rate (0.1mm/rev) and 0.14mm/rev. 
 
Table 10 shows that the flank surface images of uncoated tool using flood environment with the progression of machining 
at different cutting speed and feed rates. 
 Environment:  Flood coolant , feed rate: 0.1mm/rev, Depth 
of cut: 1mm 
Environment: Flood coolant, feed rate: 0.14mm/rev, 
Depth of cut: 1mm 
 Cutting speed, m/min  
Time, 
s 
51 84 124 51 84 124 
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Table 11 shows that the flank surface images of uncoated tool using MQL environment with the progression of machining at 
different cutting speed and feed rates. 
 Environment:  MQL coolant , feed rate: 0.1mm/rev, depth 
of cut: 1mm 
Environment:  MQL, feed rate: 0.14mm/rev, depth of cut: 
1mm 
 Cutting speed, m/min 
Time, 
s 
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    The increase in flank wear can notice while increasing cutting speed and feed rate along with 
the progression of machining duration. The BUE formation was more prominent while 
machining at the low cutting speed for both the machining conditions. The uncoated tool that 
was prone to catastrophic failure using flood and MQL as coolants under the medium and high 
cutting speed at different feed rates. The uncoated tool with MQL was outperformed as 
compared to that of uncoated tool (flood coolant) at the medium cutting speed and feed rate 
(0.1mm/rev). Table 12 demonstrated that the failure condition of PVD coated tool in dry 
condition and uncoated tool that given under conventional flood and MQL along with their 
corresponding tool life(T). 
Table 12 Optical images of flank surface at failure condition(Tool life(T)) 
 Feed 0.1mm/rev Feed 0.14 mm/rev 
Cutting 
speed(m/
min) 
PVD Flood MQL PVD Flood MQL 
51 
  
     
84 
      
124 
      
 
   
4.9.2 Cutting temperature 
         Fig. 30 depicts that the Changes in cutting temperature with different cutting speed and 
machining duration using PVD coated tool and uncoated tool (using flood and MQL) while 
machining of Nimonic C-263 at feed rate (0.1mm/rev) and 0.14mm/rev. It revealed that hardly 
any significant difference in cutting temperature was observed at low cutting speed of 51m/min 
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despite PVD coated tool in dry condition showed the little more cutting temperature that might 
attributed to the excellent tribological properties of flood coolant and MQL. The low temperature 
values were recorded using MQL as coolant at the medium and high cutting speed that could be 
ascribed to lessen the friction between chip and tool interface. The cutting speed was most 
influence cutting parameter on cutting temperature followed by feed rate since any significant 
difference in cutting temperature was noticed when increasing feed rate (0.1mm/rev) to 
0.14mm/rev. The low coefficient friction of TiN coating of PVD coated tool displayed the low 
temperature nearly equal to uncoated tool (using flood and MQL) especially at medium and high 
cutting speed. The increase in temperature was recorded whilst the substrate of coated tool made 
direct contact with the workpiece. This phenomena was more prominent when cutting tool was 
approaching failure condition and at high cutting speed. 
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Fig. 30 Changes in chip tool interface temperature with  machining duration and different cutting speeds i.e i) Vc 
51m/min ii) Vc 84m/min iii) Vc 124m/min  at feed rate (0.1mm/rev) and 0.14mm/rev. 
 
4.9.3 Chip reduction coefficient 
   The fluctuation in chip reduction coefficient with different cutting speed and machining 
duration using PVD coated tool and uncoated tool (using flood and MQL) while machining of 
Nimonic C-263 at feed rate (0.1mm/rev) and 0.14mm/rev as shown in Fig. 31. There was no 
pronounced variation in CRC at the low cutting speed and different feed rate. The aforesaid 
statement proved the fact having the same temperature and flank wear which are directly 
influence on CRC while machining. The uncoated tool with flood coolant showed the high CRC 
values at the medium and high cutting speed condition. It could be ascribed to lack of penetration 
of flood coolant between chip and tool interface consequently BUE formation and high 
temperature. The decrease in CRC was noticed with increasing cutting speed and feed rate as 
well. It could be control the chances of BUE formation during machining of Nimonic C-263. 
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Fig. 31 Changes in chip reduction coefficient with  machining duration and different cutting speeds i.e i) Vc 
51m/min ii) Vc 84m/min iii) Vc 124m/min  at feed rate (0.1mm/rev) and 0.14mm/rev. 
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4.9.4 Surface  roughness 
    Fig. 32 depicts that the Changes in surface roughness with different cutting speed and 
machining duration using PVD coated tool and uncoated tool (using flood and MQL) while 
machining of Nimonic C-263 at feed rate (0.1mm/rev) and 0.14mm/rev. The hardly any 
significant difference in surface roughness values were observed with uncoated tool (Flood and 
MQL as coolant) and PVD coated tool in dry condition during machining of Nimonic C-263. It 
might have ascribed to anti friction properties of TiN coating and tribological properties of 
coolant. The increase in surface roughness was noticed when increasing feed rate from 0.1 to 
0.14mm/rev. The fluctuations in surface roughness with the progression of the machining might 
have attributed to subsequent removal and formation of BUE and high coefficient of friction. At 
all conditions, reduction in surface roughness was observed when the cutting tool approaching 
tool failure due to thermal softening.   
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Fig. 32 Changes in surface roughness with  machining duration and different cutting speeds i.e i) Vc 51m/min ii) Vc 
84m/min iii) Vc 124m/min  at feed rate (0.1mm/rev) and 0.14mm/rev. 
 
4.9.5 Chip morphology 
     Table 13 depicts that the different chip formation with different cutting speed and machining 
duration using PVD coated tool and uncoated tool that under the conventional flood coolant and 
MQL at feed rate (0.1mm/rev). The continuous helical chips with small radius were more 
prominent using PVD coated tool at low cutting speed of 51m/min and uncoated tool with MQL 
coolant at medium cutting speed of 84m/min. Furthermore, prescribed formation was significant 
in throughout machining at different cutting speed using uncoated tool with flood coolant. The 
increase in curl radius was noticed with the progression of the machining at the low cutting speed 
at three cutting condition. It could be ascribed to rise in temperature and tool wear. The 
segmented type and large radius with snarled type was noticeable feature at high cutting speed of 
124m/min that could be caused due to elevated temperature while machining of Nimonic C-263. 
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Table 13 shows the photographic view of chip formation during machining of Nimonic C-263 at the different cutting 
speed using PVD coated tool and uncoated tool(Flood and MQL). 
 Cutting: Dry, wet  feed rate: 0.1mm/rev, Depth of cut: 1mm 
 PVD coated tool Uncoated tool (Flood) Uncoated tool (MQL) 
  Cutting speed (Vc), m/min  
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CHAPTER 5: CONCLUSION 
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The current research work aimed at investigating the effect of uncoated tool and commercially 
available coated tools such as bilayer CVD(Al2O3/TiCN) and PVD (TiN/TiAlN) multilayer 
coated tool on various machining characteristics of Nimonic C-263.  
   Furthermore, wet machining was conducted under conventional flood cooling and MQL using 
uncoated and comparison with best performing PVD coated tool. The following results 
summarise as follows. 
 PVD coated tool resulted in remarkable improvement in surface finish up to a maximum 
reduction of 74.3%compared to that of CVD coated tool during dry machining of Nimonic C-
263. Surface roughness increased with the cutting speed for fresh tools. However, it exhibited 
decreasing trend while tool was approaching failure. 
 PVD coated tool was found to be beneficial in bringing down the cutting temperature with a 
maximum reduction of 52.3 % than that of CVD coated tool. There was an escalation in 
cutting temperature when the tool wear was significant. 
 Equivalent chip thickness in serrated chip and chip reduction coefficient also could be 
reduced with the help of PVD coated tool.  
 Saw tooth distance of serrated chip increased with cutting speed and machining duration, but 
gradually decreased further with progression of machining before being worn out. 
 The continuous chip formation was more prominent when machining with CVD and PVD 
coated tool, and uncoated tool at low cutting speed of 51m/min. The chip curl radius was 
smaller with PVD coated tool than counterparts. Increase in curl radius with progression of 
machining as well as cutting speed using CVD coated tool and remarkable snarled type chip 
formation at a high cutting speed of 124m/min. 
 Tool wear took place due to abrasive flank and nose wear combined with severe plastic 
deformation and chipping of cutting edge and nose. BUL was also detected particularly when 
coating was removed from the surface while CVD coated tool suffered from early failure with 
significant damage to the cutting edge and nose. PVD coated tool effectively restricted 
different modes of wear and therefore it retarded tool failure. Best performance was, however, 
obtained under low cutting speed. 
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 The increase in surface roughness and cutting temperature was noticed with increasing feed 
rate whereas, the tool life of PVD coated was similar when increasing feed rate from 0.1 to 
0.14mm/rev. 
  The performance of PVD and uncoated tool with different coolant conditions (Flood,MQL) 
was identical on  the machining characteristics of Nimonic C-263  at low cutting speed of 
51m/min. However, the uncoated too with wet machining is not suitable at feed rate 
(0.14mm/rev) where PVD coated tool displayed the better tool life especially at low cutting 
speed.  
            The current study demonstrated significant improvement in machining performance of 
commercially available PVD multilayer coated tool consisting of TiAlN/TiN coatings compared 
to CVD coated tool, and therefore has a strong potential in dry machining of Nimonic C-263. 
The same PVD coated tool also showed similar and superior performance compared to uncoated 
one given under conventional flood cooling and MQL mode. 
               Therefore, dry machining with PVD coated tool cases significantly reduce the 
detrimental influence of cutting fluid on environment and also expenses incurred with wet 
machining. 
 
Future work 
The current study established the grate potential of (TiN/TiAlN) PVD multilayer coated tool 
in dry machining of Nimonic C-263. Future work may include the following machining 
characterstics of Nimonic C-263. 
 The effect of tool coating and cooling environment may be studied on cutting forces 
and consumption of cutting power during machining of Nimonic C-263. 
 Effect of CVD and PVD coated tools and cutting environment such as conventional 
flood cooling and MQL mode should be investigated on detail surface integrity 
characteristics of Nimonic C-263. 
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